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ENGLISH EDITOR’S INTRODUCTION 


PROFESSOR Popoy’s book on the theory of servomechanisms and 
control systems will be of interest to English readers in showing the 
meticulous detail into which Russian engineers and students are 
led when discussing these subjects. 

A few standard and useful examples are taken and form the basis 
for discussion at all levels, from the most elementary to the most 
complete and advanced, so that a sense of continuity is preserved 
throughout the volume. 

The translation preserves much of the Russian sentence structure 
and the editor did not find it possible to alter this without a more 
or less complete rewriting of the translator’s manuscript. Neverthe- 
less, it is hoped that a readable result has been obtained and 
that the spirit of the whole is faithful to that of the original. 


A. D. B. 


FOREWORD 


THE WIDE study of the theory of automatic control in our insti- 
tutions of higher education is a very recent development. Many 
engineers therefore have come to study it only when already engaged 
in practical work. The present book has the aim of assisting these 
broad circles of engineers and students to acquaint themselves in 
the most accessible form with the foundations of the theory of 
automatic control, in which the main role is played by the dynam- 
ics of control systems. 

Following the aim of the most accessible development, the author 
has consciously tried to reduce to a minimum the use of operational 
calculus and the theory of functions of the complex variable and 
everywhere, where possible, to confine himself to the use of the 
symbolic operational method as a means of simplifying the notation 
and manipulation of differential equations. 

The book presents those theoretical methods of analysis and 
synthesis of automatic control systems common to systems of various 
physical natures and designs. The concrete examples presented in 
the book, therefore, by no means pretend to reproduce the designs 
of contemporary automatic control systems. They will be only the 
simplest functional circuits serving to illustrate the principal ideas 
in the construction of automatic control systems and the application 
of the theoretical methods developed here. By analogy, the reader 
may then apply these ideas and methods to the concrete automatic 
control systems of interest to him. 

Attempting to describe in detail the fundamental results of the 
theory of automatic control, the author has been forced to limit 
himself to brief remarks on a number of special questions. Statistical 
methods and questions of representation of automatic control systems 
have been completely neglected here. Each of these important 
fields is so specialised that it may constitute the subject of separate 
books. 

The author expresses his appreciation to Comrades Ya. Z. Tsypkin, 
O. K. Sobolev and I. V. Korol’kov for valuable remarks when re- 
viewing the manuscript. 


CHAPTER I 
FORMS OF AUTOMATIC CONTROL SYSTEMS 


1. The concept of closed automatic systems 


There exist very many forms of automatic systems performing 
various functions in the control of the most varied physical pro- 
cesses in all branches of engineering. These systems consist of 
mechanical, electrical and other devices of widely different designs, 
assembled in an overall complex of mutually interacting circuits. 

As examples of automatic systems we may list: 

(a) automatic light switches including a photocell which reacts 
to the intensity of daylight and a special device for turning on the 
light, operating on a definite signal from this photocell; 

(b) a machine for vending given objects (e.g. tickets, chocolates) 
when a given combination of coins is fed into it; 

(c) automatic machines, automatic production lines and automatic 
factory departments; 

(d) remote-control systems in which a defined combination of 
heavy or complicated operations in the controlled object are carried 
out upon depression of a button or an easy rotation of a handle 
on the control panel; 

(e) automatic regulation of motor speed, maintaining constant 
angular velocity of the motor independently of the external load 
(analogously, temperature, pressure, voltage and frequency regu- 
lators, etc.); 

(f) automatic pilots, maintaining a definite course and altitude 
of an aircraft without intervention by the pilot; 

(g) servomechanisms in which an arbitrary variation in time of 
some quantity applied to the input is exactly copied at the output 
to a defined precision; 

(h) a tracking system, in which the barrel of an anti-aircraft gun 
is automatically trained on a flying aircraft; 

(i) a computer carrying out a defined mathematical operation 
(differentiation, integration, the solution of equations, etc.); 

(j) measuring devices operating on the compensation principle; 

(k) synchronous remote transmitters, etc. 


2 3 


4 The Dynamies of Automatic Control Systems 


All these and similar automatic systems may be divided into two 
main classes: 

(1) automatic machines carrying out definite types of single or 
repeated operations; among these are, for example, lighting switches, 
ticket vendors, automatic machines, machine guns, velocity switching 
mechanisms, etc.; 

(2) automatic systems which over a fairly long period of time 
vary some physical quantity in a necessary manner (or maintain 
it constant) (the coordinates of a moving object, velocity, voltage, 
frequency, temperature, pressure, acoustic level, etc.) in some con- 
trolled process. Among these are automatic controls, servo- 
mechanisms, automatic pilots, certain computing devices, certain 
measuring equipment, remote control systems, etc. 

In the present book we shall consider only automatic systems 
of the second class. These are divided into open and closed loop 
automatic systems. 

The general structural circuit of an open loop system is shown 
in two forms (a and b) in Fig. 1. This is the simplest control system: 
semi-automatic when the source of commands is the human being, 
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and automatic if the source of commands is the variation of certain 
external conditions in which the given system operates (temperature 
or pressure of the surrounding medium, electric current, ilumina- 
tion, range of frequency, etc.). 

The second structural circuit shown in Fig. 1 differs from the 
first in that besides control organs there are also measurement 
devices which permit the course of the process in the controlled 
object to be observed. 

A characteristic of open loop systems is that the functioning of 
the system is not directly dependent on the result of its action. 

A natural further improvement of automatic systems is the con- 
nection of the output (measuring instruments) back to the input 
(source of commands) so that the measuring instruments, measuring 
a certain quantity characterising a definite process in the control 
object should themselves be simultaneously a source of action on 
the system, where the magnitude of this action will depend on the 
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magnitude by which the measured quantities in the controlled 
object deviate from their required values. 

Closed loop automatic systems thus arise. It is easy to conceive 
that in the closed loop automatic system there is a complete inter- 
action of operation of all circuits with each other. The courses of 
all- processes in a closed loop system are radically different from 
processes in open loop systems. The closed loop system reacts com- 
pletely differently to external perturbing forces. Various valuable 
properties of closed loop automatic systems make them irreplaceable 
in all cases where precise and high-speed automatic systems are 
required for control, measurement or for carrying out mathematical 
calculations. Dynamic calculations take on special importance in 
the design of any closed loop automatic system. 

Closed loop automatic systems exist in engineering in the form 
of automatic regulators, servomechanisms, computers, compen- 
sation-type measuring systems, automatic pilots, stabilisation 
systems, remote control systems, etc. 

All these forms of closed loop automatic systems may be reduced 
to the single general circuit represented in Fig. 2. If this represents 
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Fig. 2 


a servomechanism the external driving force y(t) may be arbitrary 
in time and it is required that the controlled object should repeat 
as exactly as possible this arbitrarily-given time variation in the 
form of a mechanical motion or displacement or in the form of 
variation of an arbitrary electrical or other physical quantity. At 
the same time it should be possible to eliminate as far as possible 
interference of all external perturbing forces f(t) on the controlled 
object (and possibly on the control system itself). 

If it represents an automatic regulation system the role of the 
control system (Fig. 2) is played by a regulator, the role of the external 
driving force y(t) by the setting of the regulator or programme 
control. In this case it is always assumed that substantial external 
perturbing forces f(t) act on the regulated object (for example, 
variation of load). The automatic regulation system should operate 
so that with actual external perturbing forces, regardless of their 
magnitude, the output should be as nearly as possible that to which 
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the regulator is adjusted, or else this quantity should vary according 
to a definite programme given by the programme control. 

All other forms of closed automatic systems (automatic controls, 
automatic pilots, computers, compensation-type instruments, stabili- 
sation systems, remote-control systems, etc.) reduce to these two: 
either they are designed on the principle of a servomechanism. or 
on the principle of the automatic regulation system. We observe 
that the difference between these, as is evident from the above, 
consists more in function than in the general principle of operation. 

Therefore, the methods of dynamic calculation are essentially 
the same for automatic regulation systems and for servomechanisms 
(and for all closed-loop automatic systems in general). 


2. Servomechanisms and control systems 


Let us consider the operating principle of closed-loop automatic 
systems in greater detail, using examples. 


Servomechanisms. The general structural circuit of a servomech- 


anism is shown in Fig. 3. 
. 
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Fig. 3 


It consists of a forward circuit (from the source to the controlled 
object) and feedback from the “output” of the system to its “input”. 

We also call servomechanisms such automatic systems in which 
the output quantity æ(t) reproduces the variations of the input 
quantity y(t) where the automatic system reacts to the difference 2, 
between the output and input quantities. We shall term the quanti- 
ties x and y the regulated and desired quantities respectively. 

The term “reproduces” employed here loosely denotes the equality 
of regulated and desired quantities at each moment of time, i.e. we 
are roughly concerned with the equality * 


a(t) ~ y(t). (2.1) 
Frequently the regulated quantity x differs from the desired quan- 
tity y in scale or in physical character. We then require 

a(t) ~ koy (t) , (2.2) 


* The sign of approximate equality is used in the formula since a real system 
cannot operate absolutely exactly; there is always a certain error (deviation). 
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where k, is a given constant coefficient. The same relates to the 
compensation-type measurement systems. 

If we are considering a computer, operating on the servo principle, 
by the above term “reproduction” should be understood the satis- 
faction of a definite mathematical relationship, for example, for 
differentiating devices we require 





dy(t 
a(t) © ko ut ) (2.3) 
and for integrating 
t 
w(t) ~ ko | y (tat. (2.4) 
0 


Consequently, “reproduction” of an input quantity y(t) at the 
output of the system x(t) may occur in various forms. 

A servomechanism has feedback from output to input (Fig. 3) 
which, in essence, serves for measurement of the result of the action 
of the system. At the input to the system subtraction occurs: 
2, = y—2,. The device carrying out this subtraction will be termed 
the error detector (Fig. 3). The error magnitude x, acts on the in- 
termediate circuit, and through it on the controlled object. The 
system operates so as constantly to reduce to zero the error 2, and 
thus to satisfy the required relationship (2.1), (2.2), (2.3) or (2.4) 
with arbitrary form of variation of y with time. 

Obviously the magnitude x, (Fig. 3) applied by the feedback 
should have the same physical character and the same scale as the 
driving quantity y. Therefore, the feedback loop should be able to 
transform the regulated quantity x, inversely to that which is carried 
out in the forward circuit of the system, namely, for (2.1), (2.2), 
(2.3) and (2.4) there should be 


t 


z : 
z=, aa m=] a(t)dt, % = 
0 


da(t) 
at 
respectively. 

The source of commands for the input device (Fig. 3) may be 
either a special device or the variation of the external conditions 
in which the system operates. 

For remote control of artillery and machine guns, in the circuit 
of Fig. 3 they are the controlled objects, and the input device is 
a handle on the control panel or sight, turned, for example, by 
a human hand according to an arbitrary function y (t). The controlled 
object under the action of the intermediate circuits of the servo- 
mechanism must reproduce this motion in an appropriate manner 
(e.g. the circuit on p. 258 in reference 36). 
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For automatic stabilisation of antenna position (on an aircraft 
or vessel) the input device is a gyroscope measuring the angle of 
deviation of the aircraft or vessel from some given direction. This 
angle will be given by a function y(t) (Fig. 3). For the controlled 
object (antenna) to retain a constant position in space, its servo- 
mechanism must carry out a motion x(t) with respect to the body 
of the aircraft which exactly repeats the motion of the aircraft y(t) 
measured by the gyroscope. 

Contemporary electromechanical, electrical and electronic measure- 
ments of non-electrical quantities (distance, velocity, temperature, 
volume) are frequently based on the servomechanism principle. 

An example is a device for measuring the airspeed of an aircraft, 
the block diagram of which is shown in Fig. 4. A Pitot tube, consti- 
tuting the input device, establishes a pressure p = y(t) dependent 
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on the airspeed of the aircraft. An electric motor at the output of 
the servomechanism gives an angular velocity w = x(t) proportional 
to the pressure p. The forward circuit of the system carries out 
transformation of pressure into angular velocity of the electric 
motor, while the feedback (turbopump) effects the transformation 
of the angular velocity into pressure, which must be applied to the 
error detector (differential manometer). The scale of the tachometer, 
measuring the angular velocity of the elcctric motor, is calibrated 
in airspeed. 

As an example of a computing system operating on the servo- 
mechanism principle we present the simplest structural scheme of 
an electromechanical integrator (Fig. 5). Here the angular velocity 
of the electric motor is proportional to an arbitrary voltage V = y(t) 
and consequently the angle of rotation 9 = x(t) is proportional 
to the integral of the given function y(t). The forward loop (amplifier 
and motor) integrates the input quantity. Therefore, the feedback 
(tachometer) should differentiate the output quantity of the system 
so that the input to the amplifier is a difference between similar 
quantities. 
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The simplest example of a servomechanical feedback amplifier is 
given in Fig. 6: a electromechanical; b hydraulic; c electronic; 
d magnetic). In all four diagrams the feedback is denoted by the 
letters fb. 





Fig. 5 


In case a (Fig. 6) the error is the difference in angles gin—¢2, i.e. 
the angle of rotation of the slide, rigidly coupled to the handle (input 
device), and the angle of rotation of the contact segments, rigidly 
coupled with the output shaft through the feedback gears. A volt- 
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age V is applied to the armature winding of the motor, the sign 
of which depends on the sign of the error (Ẹin— 9). As a result the 
motor operates so as to reduce this error. The purpose of the equipment 
is to amplify power whilst preserving the angle of rotation in time 
(to a certain scale). 

The same general operating principle and purpose occur in case b 
(Fig. 6), where the rate of motion of the hydraulic drive piston is 
here proportional to the opening of the slide valve s, which in turn 
is equal to the error (y— £). 

Similarly, in case ¢ (Fig. 6), the error voltage V; = Vin—V, is 
applied to the grid of the amplifier. 

In case d (Fig. 6) the error is the difference in ampere-turns, 
(AN),—(AN),, between the control winding fed by the input 
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voltage and the feedback winding fed by the output voltage after 
rectification. 

This is an example where together with amplification there occurs 
transformation of direct current into alternating, as a result of 
which the inverse transformation using the bridge rectifier B must 
be present in the feedback loop. 

In those cases where the control panel is at a substantial distance 
from the controlled object and the system includes means for over- 
coming this distance, a remote-controlled servomechanic system is 
obtained. 

The first electromechanical servomechanism in the world was 
invented by Russian engineers. In the sixties of the last century 
V. F. Petrushevskii realised a synchronous coupling system. Of 
particular interest is the invention of A. P. Davydov, which was 
tested in 1867 at the artillery battery “Ne Tron’ Menia”. This was 
the first automatic servomechanism with central control of several 
objects [1] in engineering history. 

Automatic control systems. The general structural diagrams of 
automatic regulation systems are shown in Fig. 7. A closed automatic 
system is termed an automatic regulation system when it serves 
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to maintain a constant value (or a given form of variation) of a single 
quantity # or several quantities £1, Zz, ,..., characterising the 
course of the process over a long period for arbitrarily varying ex- 
ternal perturbing forces, i.e. for variation of the load on the control 
object and other factors (feed, etc.). The quantities ®, 2, Vz, a, 
which are required be maintained constant (or varied in a given 
manner), are termed the regulated quantities. 

An automatic control system consists of the regulated object and 
a control or several coupled regulated objects and controls (Fig. 7). 
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The regulated object is that aggregate in which the process subject 
to control occurs. The regulator is the automatic device detecting 
the undesired deviations of the regulated quantity z and acting on the 
regulated object in such manner as to eliminate this deviation. In 
Fig. 7 this regulating action is denoted by &, či, &, Ča. 

With a single regulated quantity æ, a single regulated object and 
a single regulator the automatic regulation system will be termed 
an isolated system (Fig. 7a). With several mutually coupled regu- 
lators with a single object (Fig. 7b) or several objects (Fig. 7c) the 
automatic regulation system is termed a coupled system. If several 
regulators are connected to a single object, but each of them operates 
independently of the others, we have several independent isolated 
automatic regulation systems. 

To carry out its functions a regulator must first of all have at 
the input a detection element for determining the undesirable 
deviation of the regulated quantity; this may be the probe of a gauge 
for the corresponding physical quantity. Secondly, the regulator 
should have at the output a regulating organ, operating on the 
regulated object in a definite manner to eliminate undesirable 
deviations arising in the regulated quantity. Aside from the sensitive 
detection element (at the input) and the regulating organ (at the 
output) the regulator must have various intermediate devices. There- 
fore, the first of the structural schemes of Fig. 7 may be represented 
in a more developed form as shown in Fig. 8. 
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The regulator should have, in addition, means for adjusting the 
system to the required constant (or variable, in a pre-assigned 
manner) value of the regulated quantity which it is the purpose 
of the regulator to maintain (Fig. 8). 

If certain portions of the regulator are at a great distance from 
the regulated object, where the regulator has means for overcoming 
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this distance, the automatic regulator system is termed a remotely- 
controlled system. 

The first automatic regulator in the world in which the general 
principle of contemporary regulators was realised was invented by 
the great Russian mechanic Ivan Ivanovich Polzunov in 1765. This 
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was the water-level float regulator in the boiler of Polzunov’s steam 
engine. The schematic and structural diagrams of this automatic 
reguation system are presented in Figs. 9 and 10. 

Here the regulated object is the boiler, the regulated quantity 
the height of the water H, the external perturbation (load) is the 
consumption of steam from the boiler. The detector of the regulator, 
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detecting the deviation of water level in the boiler is the float. The 
control organ is the valve which covers the water inlet in the boiler 
at an undesirable increase in level and opens it in the opposite case. 
In Polzunov’s system the control organ was directly coupled with 
the detector. The preliminary adjustment of the system to a given 
value of H which was to be maintained constant was realised by 
shifting the float along its rod. 

At the present time the general operating principle of regulators, 
based on measurement of the deviation of the regulated quantity, 
is termed Polzunov’s principle. 

The inventor of the electric motor, the Russian scientist 
B. S. Yakobi, together with the Russian academician E. Kh. Lents, 
in 1841 constructed the world’s first voltage regulator. V. N. Chikolev 
invented the differential regulator for arc lamps and was the first 
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(in 1871) to employ electric drive in automatic regulators. K. E. Tsiol- 
kovskii was the inventor of the automatic pilot. Its diagram was 
published in 1898. 

Let us consider the example of the system for automatic control 
of an aircraft’s course (Fig. 11). The regulated object is the aircraft, 
the regulated quantity the course angle 4, the external perturbing 





Fig. 11 


forces, wind and inequality of the tractive forces of the motors, 
establishing a moment of rotation. The regulator is the automatic 
course pilot. 

The sensitive element of the automatic course pilot, measuring 
the undesirable deviation of the aircraft from its course, may be 
a gyroscope, shifting a slide in an electrical bridge circuit. The re- 
sultant current appearing in the diagonal of the bridge is amplified 
and applied to an electric motor which turns the rudder (through 
a reduction box). The rudder is the regulating organ, establishing 
the rotary aerodynamic moment which returns the aircraft to the 
required course. The adjustment of the system to a determined 
course is carried out by a corresponding adjustment of the gyroscope 
or by shifting the zero position A of the bridge. This circuit, as we shall 
see below, requires substantial additions (as an unstable system is 
obtained here, see Section 33). 

As an example of the simplest electric regulation system let us 
consider the automatic voltage regulation system for a d.c. generator, 
employing a vacuum tube (Fig. 12). In this case the regulated object 
is the d.c. generator, the regulated quantity the voltage V at the 
generator terminals, the external perturbing force is the power 
load into which the generator operates. 

The detector of undesirable deviation of the regulated voltage V 
is the grid of the tube while the regulating organ is the anode circuit 
of the tube. With an undesirable change in voltage V (for example, 
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VY >V,) there appears a voltage V, at the grid and a proportional 
change in current J, in the anode circuit, and consequently in the 
current I, through the field of the generator, which is connected 
in the anode circuit of the tube. This change of field current eliminates 
the undesirable deviation of the regulated voltage. 

Adjustment of the system to a definite voltage V to be maintained 
constant is accomplished by setting the value of V, on the rheostat Rg. 





Fic. 12 


The fundamental problem of automatic regulation consists in 
maintaining the necessary value of the regulated quantity (to a given 
precision) with varying load on the regulated object. Sometimes 
the problem may be posed of constructing an automatic regulation 
system such that when necessary it may automatically alter the 
regulated quantity according to a pre-assigned time programme. 
This is termed programme control. 

There exists another form of programme control, when it is neces- 
sary to obtain a given form of variation of the regulated quantity 
not in time but in dependence on some other parameter. This is 
required, for example, in those cases where the problem of regulation 
is posed as the problem of automatic observation of the optimal 
operating conditions of some power system with varying external 
conditions.* Programme control of the first type (in time) occurs, 
for example, where the automatic course pilot has not merely to 
guide the aircraft in a straight line but must cause it to complete 
a turn automatically. Thus, to complete a turn through the arc of 
a circle with constant velocity it is necessary that the course angle 
vary proportionally to time (p = at). 

An example of a programme control system of the second type 
(not in time) may be a system which is required to vary the angular 


* This other form of programme regulation is a combination of Pulzunov’s 
principle with the principle of regulating according to the perturbing force which 
will be discussed below. 


Forms of Automatic Control Systems 15 


velocity of a motor shaft in a definite optimum manner with respect 
to the power load. 

To accomplish programme control of both types, obviously, it is 
possible to use the adjustment element (Fig. 8). In the ordinary 
automatic regulation system the adjustment element is used for 
preliminary adjustment of the system to a definite constant value 
of the regulated quantity. In the case of programme control it is 
necessary to act continuously on the adjustment element during the 
operation of the system to vary the regulated quantity according to 
the pre-assigned variation. For this purpose the adjustment element 
is fitted with a special programme device, automatically varying the 
adjustment of the system according to the desired variation. 

For example, for automatic execution of a turn by an aircraft 
it is possible to design a programme device which would automatically 
shift, let us say, the zero point A of the bridge of the automatic 
pilot detector (Fig. 11) at a definite velocity and for a given distance, 
corresponding to the termination of the turn. 

To carry out automatic variation of motor shaft velocity in a given 
manner according to the power variation it is necessary to design 
a programme device which, measuring the motor power would 
alter the adjustment of the velocity regulator in an appropriate 
manner. 

It is easy to see that a programmed regulation system resembles 
a servomechanism where the programme device plays the role of 
the input element of the servomechanism, the adjustment element 
the role of the error detector, and the sensitive element the role 
of feedback (Fig. 3). The difference between a programmed regu- 
lation system and a servomechanism consists, in essence, only in 
that in the first case the regulated quantity should vary according 
to a pre-assigned programme while in the latter there is no definite 
programme and the regulated quantity should reproduce an arbi- 
trary variation of the input device. 

From the theoretical point of view the difference between a servo- 
mechanism and an automatic regulation system is that of the two 
external forces (Fig. 2) for the servomechanism the main one is the 
input force y(t) which should as exactly as possible be reproduced 
by the object, while for the automatic regulation system the main 
one is the external perturbation force on the object f(t), the effects 
of which on the variation of the regulated quantity should be elimi- 
nated as exactly as possible. Therefore in servomechanisms the 
calculations are mainly carried out with regard to the external 
input force, while in regulation systems, they are according to the 
external perturbation (load). Basically the methods of their dynamic 
calculations are the same. 
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Principle of regulating according to perturbing forces. Above we 
have discussed control systems based on the measurement of the 
deviation of a regulated quantity from its required value (Polzunov’s 
principle). 

However there exist in practice other important methods of 
regulation: (1) the principle of regulation according to the perturbing 
force; (2) application of parametric stabilisers. 

By the principle of regulation according to the perturbing force 
is understood automatic regulation in which the regulated quantity 
is not measured but action against the undersirable influence of an 
external force is carried out by the introduction of various other 
design (circuit) measures paralysing the effect of this force. 

For example, let the voltage of a d.c. generator with variable 
angular velocity be required to be maintained constant. The previously 
considered principle of a closed regulation system (Fig. 8) would 
correspond to the following solution of the problem: the deviation 
of the regulated quantity V is measured (in the right side of the 
circuit in Fig. 12) and in accordance with this the field current is 
automatically varied (by the tube in Fig. 12), which leads to elimi- 
nation of deviations which may arise in the regulated voltage V. 

But it is also possible to proceed differently. Calculate in advance 
how it is necessary to vary the resistance of the generator field 
circuit with the angular velocity for the voltage at the terminals 
of the generator to be constant. It will then be possible to place 
a rheostat in the field circuit, the slide of which will be automatically 
shifted with variation of angular velocity. Here we do not measure 
the deviation of the regulated voltage but we eliminate the effects 
of undesirable external forces by another means: the direct reaction 
of the system to the perturbing force itself. 

Under the principle of regulation according to perturbing force 
it is also possible to include the introduction of various auxiliary 
compensation and stabilising windings and compounding in electrical 
machines) the principle of regulating constant velocity of heat 
engines according to load; the so-called automatice carburettors, ete. 

There exist a number of cases where the application of this principle 
is very useful. However, as is evident from the above, this principle 
in its pure form is less universal than the principle of measurement 
of the regulated quantity. In fact, the system of regulating according 
to the perturbing force may be used only against a definite prede- 
termined form of perturbing force. A system based on the principle 
of measuring the regulated quantity (Polzunov’s principle) always 
automatically eliminates undesirable deviations of the regulated 
quantity independently of what external perturbing force was the 
cause of the tendency to deviation. In a number of cases it is useful 
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to combine both of these regulation principles, where regulation 
according to the external perturbing force is brought into action 
to improve the quality of operation of the regulation system based 
on Polzunov’s principle. 

Consideration of regulation according to the perturbing force in 
the above sense is outside the scope of this book. Certain questions 
of theory connected with this may be found in the work of V. S. Kule- 
bakin [34] and A. G. Ivakhnenko. 


Parametric stabilisers. Parametric stabilisers are devices which 
are based on variation of the parameters of individual elements of 
the system with variation of the external forces applied to them. In 
particular, this may be connected with the use of non-linear proper- 
ties of various materials in electric circuits. Among these are bar- 
retters, ferro-resonant stabilisers, etc. These also, are, not considered 
in the present volume. 


3. Direct and indirect-acting systems 


All automatic regulation systems are divided among direct-acting 
and indirect-acting systems. 


Direct-acting systems. A direct-acting regulation system is a system 
in which the action of the sensitive element on the regulating organ 
is carried out without the introduction of an additional source of 
energy. Its structural scheme is shown in Fig. 10. 

Besides Polzunov’s regulator (Fig. 9) examples may be the follow- 
ing systems: centrifugal regulator of steam engine shaft angular 





velocity (Fig. 13); rheostatic voltage regulator at the terminals of 
a dynamo (Fig. 14); a thermostat regulating the water or oil tempera- 
ture in a heat engine (Fig. 15). 

In these three systems the regulating organ, 3 (slide valve, rheostat 
slider, valve), is moved directly by the sensitive element 2 (centrifugal 
mechanism, electromagnet, sylphon) without an additional source 
of energy, as in Polzunov’s regulator. 
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Here an unwanted increase in the regulated quantity arising in 
any manner (angular velocity w, voltage V, temperature 0) produces 
in the first example (Fig. 13) divergence of the bobs of the centrifugal 
mechanism, in the second (Fig. 14) increase in the tractive force of 





Fig. 14 


the electromagnet, in the third (Fig. 15) increase in the vapour 
pressure of a highly volatile liquid inside the sylphon. 

As a result of this the regulating organ, 3, receiving a displacement, 
produces on the object, 1 (steam engine, dynamo, water or oil 
system of the heat engine), a regulating action consisting in the 
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first case in reduction of the free section of the steam feed to the 
machine, in the second case in increase of resistance of the field 
circuit 1’, i.e. reduction of the field current, in the third case in 
the connection of a cooling radiator in the water or oil system. Such 
a regulating effect on the object in all three cases causes reduction 
of the regulated quantity and, consequently, eliminates the unde- 
sirable increase assumed initially. 

The external perturbing force on the system is a change in load 
(shaft load of the steam engine, power supplied by the dynamo; 
thermal regime of the engine). 

Adjustment of the system to a definite value of the regulated 
quantity is carried out in the given examples by regulating the 
spring, 4 (Fig. 13), rheostat, 5 (Fig. 14) or screw (Fig. 15). 
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A direct-acting automatic regulation system may obviously only 
be realised when the sensitive element is itself a sufficiently powerful 
device for direct action on the regulating organ, as in the above 
examples. However, in many cases the sensitive element is relatively 
weak while the action on the regulating organ requires substantial 
power. In these cases an amplifier is introduced between the sensi- 
tive element and the regulating organ, as a result of which an indirect- 
acting system is obtained. 


Indirect-acting systems. An indirect-acting automatic regulation 
system is a system in which the sensitive element acts on the regu- 
lating organ indirectly through a special amplifying and transforming 
circuit supplied by an auxiliary source of energy. 

The simplest structural scheme of an indirect-acting system is 
shown in Fig. 16. Even for an isolated regulating system this structural 
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scheme may become substantially more complicated since the 
amplifier-trangducer shown in this circuit diagram in the form of 
a single block may consist of a number of circuits. It is intended 
for amplification of a weakly-acting sensitive element for transfor- 
mation of one physical quantity into another and a number of other 
operations (introduction of derivatives, integrals, etc.). 


From measurement bridge 
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l iTo rudder 
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For example, in the case of the automatic pilot (Fig. 11) this 
amplifier-transducer consists of three circuits: an electrical ampli- 
fier A, an electric motor M and a gear box G (Fig. 17). The task here 
consists not only of amplifying the energy but in transforming an 
electrical magnitude (voltage in the diagonal of the measuring 
bridge) into a mechanical one (angle of rotation of the rudder). 


3 
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Other examples of indirect-acting systems may be: a system for 
regulating the velocity of a heat engine (Fig. 18), a voltage regulation, 
system (Fig. 19), a system for electric motor velocity control (Fig. 20). 
a servomechanism (Fig. 21), a radiocompass (Fig. 22). 
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For the first and second systems (Figs. 18 and 19), completely 
different in their physical nature, there is a single structural scheme 
(Fig. 23). Here the sensitive element, 2 (centrifugal mechanism, 





electromagnet), detects the undesired deviation of the regulated 
quantity (velocity œ, voltage V) and shifts the control element, 3 
(slide valve, rheostat slider) to the corresponding side. This connects 
the motor, 4 (hydraulic, electric), which moves the regulating 
organ, 5 (slide valve in the pipe feeding the heat engine, rheostat 
slide in the dynamo field circuit). The regulating organ now acts 
on the regulated object, 1 (heat engine, dynamo), so as to eliminate 
the undesired deviation of the regulated quantity. 
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The system for regulating the speed of the electric motor M 
(regulated object) shown in simplified form in Fig. 20 contains 
a tachometer T (sensitive element), which gives a voltage V = V,—V;, 
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proportional to the deviation of angular velocity (i.e. regulated 
quantity). Further, the system contains a rotary amplifier (dynamo 
with longitudinal-transverse field) which, amplifying the signal V 
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fed to its field winding, gives a corresponding change of current 

in the armature circuit of the motor. The latter is the regulating 

action which eliminates the speed deviation tending to arise. 
Aes 
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In a servo-system (Fig. 21) the input angle of rotation y should 
be reproduced at the output in the form of the quantity æ. The 
error detector, 3 (differential selsyn), gives a voltage V proportional 
to the error y—z#. After amplification it is applied to the motor 
with gear box, rotating the controlled object, 1. The actual magnitude 


Fig, 22 
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of the angle x at the controlled object is detected by a selsyn trans- 
mitter, 2, and transferred to selsyn, 3, where it is subtracted from 
the input angle y. As a result the motor operates on the error in 
the direction of its elimination. 

The radiocompass (Fig. 22), in essence, also constitutes an indirect- 
acting closed loop automatic system. The problem here consists 
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in constantly training a loop antenna along a line indicating the 
direction to a given radio station. The deviation of the loop antenna 
(regulated object) from the required direction causes a change of 
signal phase at the output of the amplifier. This latter fed through 
a filter and control element, brings the drive of the loop antenna 
into rotation (regulating organ). The direction of rotation of the 
drive is defined by the sign of the above change of phase. As a result 
the drive rotates the loop antenna in the direction of reducing its 
deviation from the required direction. 

We have discussed here the principle of indirect-acting systems 
by examples of the simplest isolated automatic regulation systems. 
In Chap. ITI additional circuits will be introduced into these systems, 
improving their quality of operation. 


4. Continuous and discontinuous (relay and pulse) systems 


All automatic regulation systems and servomechanisms may be 
divided into continuous and discontinuous systems. 

Continuous systems. A continuous system is an automatic system 
in which continuous variations of mechanical, electrical and other 
quantities in all circuits of the system correspond to a continuous 
variation of the regulated quantity. 

Examples of continuous systems are the systems considered above: 
velocity regulation (Figs. 13, 18, 20); voltage regulation (Figs. 14, 
19); aircraft course regulator (Fig. 11); level regulator (Fig. 9); loop 
antenna position regulator (Fig. 22); and servomechanisms (Figs. 4, 
5, 21). 

Discontinuous systems. A discontinuous system is an automatic 
system in which in at least one circuit the continuous variation of 
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mechanical, electrical or other quantities is violated. Discontinuous 
systems may be divided into two basic groups: relay systems and 
pulse systems. 


Relay systems. A relay system is an automatic system having 
among its fundamental circuits at least one relay circuit. By relay 
circuit is understood. a circuit of the system in which to a continuous 
variation of the input quantity there corresponds a discontinuous 
variation of the output quantity, appearing only at completely 
defined values of the input quantity. 
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In Fig. 24 are shown certain possible forms of dependence between 
the output and input quantities for relay circuits. These dependencies 
will be termed the characteristics of the relay circuits. Characteristics 
of the forms, 4, 5, 7 (Fig. 24) have, so to speak, a hysteresis loop. 

For example, a simple electromagnetic relay has the well-known 
characteristic of form 4 (Fig. 24), if æ, is the current in the control 
circuit of the relay, b, and b, are the operating and release currents, 
Z is the voltage in the control circuit. This is the essential difference 
between the present device and the otherwise similar ordinary 
electromagnet (2 in Fig. 14) with continuous characteristic. 

In formulating the concept of the relay system the relay circuit 
was mentioned in particular as one of the fundamental units of 
the system. Generally speaking, in an automatic system there may 
be present various relays of an auxiliary character, the discontinuous 
variation of whose output quantities has no essential influence on 
the character of the process of varying the regulated quantity. Such 
systems may be considered continuous. We therefore define particu- 
larly only two types of relay systems, in which the relay circuit 
acts in an essential manner on the character of the processes of 
regulating and following: 

1) when the regulating organ itself operates in a relay manner; 

2) when the relay circuit is the control element of a motor moving 
the regulated organ or controlled object (system with constant 
velocity). 
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Examples of relay systems of the first type are: systems for regu- 
lating electric motor velocity and the course of marine torpedoes [38]. 
They are shown in Figs. 25 and 26. 





Fig. 25 


In both cases the sensitive element, 2 (centrifugal mechanism, 
gyroscope), is continuous, i.e. it acts continuously on the following 
circuit of the system (continuous shift of contact, 3 (Fig. 25), or 
gate valve (Fig. 26)). But this continuous action of the sensitive 
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element causes discontinuous action of the regulating organ (relay 
character). The latter is expressed in the instantaneous connection 
and disconnection of the series resistance R, (Fig. 25) or in the 
instantaneous shifting of the rudder from one extreme position 
to the other (Fig. 26), as the piston of the pneumatic feed in this 
case practically instantaneously shifts from one extreme position 
to the other with the admission of compressed air on one or other 
side of the cylinder. In the electric motor example the relay element 
has characteristic, 1 (Fig. 24), while in the marine torpedo example 
characteristic, 6 or 7 (Fig. 24). 
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Relay systems of the first type are sometimes termed two-or 
three-position systems in dependence on the number of possible 
positions of the regulating organ. Two-position systems are fre- 
quently termed ‘‘yes-no’’, “on-off” or “bang-bang” systems. 

Examples of relay systems of the second type may be electro- 
mechanical temperature regulation systems with constant velocity 
motors (Fig. 27) and servomechanisms (Fig. 6a). 
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In the first example (Fig. 27) with change in regulated quantity 
(temperature of the cooled portion of the heat engine, 1) a bimetallic 
plate, 2, bends. As a result current is turned on in one of the control 
windings of relay, 3. With continuous motion of the bimetallic plate, 2, 
the movable contacts of relay, 3, jump instantaneously to one or 
the other extreme position in accordance with a characteristic of 
form 6 or 7 (Fig. 24). First one, then the other, field winding of the 
constant velocity electric motor, 4, are connected (Fig. 27). As 
a result the regulating organ, 5, (radiator damper) moves to one or 
the other side to liquidate undesired temperature deviations in the 
regulated object, 1. 

The automatic aircraft-course regulation system can operate 
completely analogously (Fig. 11) if plates and a relay are introduced 
in place of the bridge. The angle of deviation from course of the 
aircraft, 1, is measured by the gyroscope, 2, the continuous action 
of which leads to instantaneous connection through the relay of first 
one and then the other field winding of the electric motor and a corre- 
sponding motion of the rudder through the reduction gear. 

A feature of these two systems, in contradistinction to the corre- 
sponding continuous systems considered previously, is the violation 
of continuity of motion in the control element by the drive and the 
absence from the drive of equipment for continuous measurement 
of the rate of turning. 

A contact servomechanism (Fig. 6a) has the same property in 
contra distinction to a continuous servomechanism (Fig. 5). In this 
case (Fig. 6a) connection of the drive is defined only by the sign 
of the error 9in—¢,, but not by its magnitude as in the continuous 
system. The control element characteristic has a form 6 (Fig. 24) or 
2 (taking into account the insensitive zones about the neutral 


26 The Dynamics of Automatic Control Systems 


positions), where the error quantity is plotted along the axis of 
abscissae. 

We note that the relay system of Fig. 25 is a direct-acting system 
while the others (Fig. 26, 27, 6a) are indirect. 

The basic advantage of a relay system is the simplicity of design 

and the ease of obtaining a high gain factor. 

Discontinuity of operation may be here represented in the follow- 
ing manner. If we denote by æ the motion of the bimetallic plate, 2 
(Fig. 27), and by & the motion of the regulating organ (damper), 
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with variation of the magnitude x, for example, in the form of 
Fig. 28a, the motion of the regulating organ in the first rough approxi- 
mation will have the form of Fig. 28c (if we assume that when the 
motor is connected the regulating organ moves with constant velo- 
city č, while in the insensitive zone, where the motor is discon- 
nected, it remains in place). In practice this pattern of motion of 
the regulating organ will be distorted through inertia of the field 
windings and the moving portions of the system. 

For relay systems an essential circumstance is that the moments 
of connection and disconnection of various circuits of the system 
by the relay element are defined by the system itself, by the change 
in its dynamic state in the course of time (in distinction to forced 
connection and disconnection externally in the pulse systems con- 
sidered below). 

Pulse systems. A pulse system of automatic regulation is one in 
which there is a pulse circuit transforming continuous input signals 
to a series of short pulses with defined repetition period. The pulse 
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repetition period is given externally from an independent special 
device. In works on this subject such systems are frequently termed 
discontinuous regulation systems. 

We note three types of pulse circuits, differing in pulse form 
(rectangular pulses are assumed): 

(a) the durations of all pulses are the same and their magnitudes 
vary in dependence on the value of the input quantity s at the 
corresponding moment of time (Fig. 29a); 





(b) the pulse durations depend on the values of the input 
quantity s while the magnitude of the pulse is constant (Fig. 29b); 

(c) The duration and magnitude of pulses is constant but their 
signs vary with change of sign of input quantity (Fig. 29c). 

Pulse systems are frequently applied in practice for temperature 
regulation. In addition, pulse automatic control systems find wide 
application in radio distance finders and other instruments. 

An advantage of pulse systems is the simplicity of achieving 
multichannel circuits and the absence of prolonged loading of the 
sensitive element. In particular, this permits being satisfied by a small 
output power of the sensitive element of the system and finer. 
and more exact means of measuring the deviation of the regulated 
quantity may be used. A 

An example of a pulse regulation system occurs in temperature 
regulation, the block diagram of which is shown in Fig. 30. 

Here, with variation of the regulated quantity (temperature of 
the regulated object) the resistance, 2 (resistance thermometer), 
varies. As a result the balance of bridge, 3, is upset and in its diago- 
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nal, in which a galvanometer is connected, a current arises. Thus, 
continuous variation of the regulated temperature causes continuous 
motion s of the galvanometer pointer, 4. The latter is the input 
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quantity for the pulse circuit, 5, which at equal intervals of time 
connects the supply of the motor, 6, in short pulses, moving the 
regulating organ. 

Three examples of pulse devices in schematic form are shown 
separately in Fig. 31; they correspond to the three types of pulse 
shown in Fig. 29. 





The idea of these pulse circuits is as follows: The current in the 
bridge diagonal, 3 (Fig. 30), depending on the deviation of the 
regulated temperature, passes through the galvanometer. The 
pointer, 4 (Fig. 30 and 31) of the galvanometer moves, as a result, 
by the magnitude s, dependent on the given deviation of the regulated 
quantity. Above the pointer is a “chopper bar” not connected with 
it, 7 (Fig. 31). By the aid of a special drive, 8, independent of the 
given system, the chopper bar oscillates at a pre-determined fre- 
quency w. During a long period the pointer, 4, of the galvanometer 
moves freely without any load. It is pressed to the resistance, 9 
(Figs. 31b and ¢) for short periods by the chopper bar when the latter 
is at the lowest point of its oscillation. 

The dependence of the pulse magnitude on the deviation of the 
regulated quantity in the first case (Fig. 31a and 29a) is achieved 
by the voltage V applied to the armature of the motor being pro- 
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portional to the displacement of the pointer, 4, i.e. 
V = ks, t = const, 
where + is the pulse duration. 
The dependence of the pulse duration on the deviation of the 
regulated quantity in the second case (Fig. 31b and 29b) is brought 


about by a system of bevels on the lower surface of the chopper as 
a result of which we obtain 
z = ks, V = const. 

Finally, in the third case (Fig. 31¢ and 29c) we have the simplest 

device 
z= const, V = +0 
in dependence on the sign of s. 

Obviously, transformation of the continuous action into pulses 
of these types may be accomplished by many other electromechanical 
and electronic devices which, consequently, also may serve as 
examples of pulse circuits in automatic regulation systems. 

If the pulse circuit is designed as the type shown in Fig. 31a, the 
form of motion of the regulating organ may be represented approxi- 
mately by the graph of Fig. 32 with the assumption that during 
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the short pulses the regulating organ moves and in the interval 
between them (open circuit) it is motionless. The slopes of the 
segments of motion are determined by the velocity of the electric 
motor and the reduction drive ratio. Actually, this curve will be 
somewhat distorted by the motor field winding inductance and the 
moving portions connected with the motor shaft. 


CHAPTER lI 
TRANSIENTS IN AUTOMATIC REGULATION SYSTEMS 


5. Linear and non-linear systems 


Let us employ the general circuit of a closed loop automatic system 
shown in Fig. 2. Let æ denote the regulated quantity or its deviation 
(error), y(t) the external driving force (variation of adjustment), 
f(t) the external perturbing force (load variation). 

As has been shown by examples, each closed loop automatic 
system (both servomechanisms and regulation systems) consists of 
a number of different circuits (mechanical, electrical and others). 
There are always external perturbations f(t) and driving forces y(t) 
of arbitrary form, as a result of which the system operates con- 
tinuously in transient dynamic regimes. Consequently, we should 
consider each automatic regulation system and each servomechanism 
as a closed dynamic system with many degrees of freedom, which 
may take an arbitrary physical form and construction. 

The dynamics of such a system will be described by some system 
of differential equations or a single high-order differential equation 
of arbitrary type 
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The process of regulation or following is defined by the general 
solution # = w(t) of (5.1) for given external forces f(t) and y(t). For 
certain systems (5.1) may contain partial derivatives. Sometimes it 
may be written in an integro-differential form. In place of differential 
equations difference equations may sometimes be obtained. 

The theory of ordinary linear differential equations with con- 
stant coefficients, is the most highly developed and the simplest 
practical calculations are connected with them. At the same time 
they cover the majority of practically important problems in the 
theory of automatic regulation. It is, therefore, very important to 
classify all automatic regulation systems (and also servomechanisms) 
from this point of view. We shall divide them into three classes: 

(1) ordinary linear systems, 

(2) singular linear systems, 

(3) non-linear systems. 
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Ordinary linear systems. Ordinary linear systems are those whose 
dynamic processes are exclusively described by ordinary linear 
differential equations with constant coefficients. This requires all 
circuits of the system to be linear with lumped constants. The para- 
meters of the system are those physical quantities or their combi- 
nations entering into the coefficients of the differential (and other) 
equations describing the dynamics of the given system or any of 
its circuits. Such quantities are mass, moment of inertia, inductance, 
resistance, capacitance, gain factor, modulus of elasticity, “time 
constant”, ete., etc. 

It is important to bear in mind that the linearity of circuits is 
understood here in a limited sense, namely, by linear circuit is under- 
stood every circuit, the static characteristic* of which is represented 
by a straight line in the operating range of the given circuit in a given 
dynamic process. For example, the dependence between the angular 
velocity w of the shaft of an electric motor and the d.c. voltage V, 
applied to the armature circuit, may be curved (Fig. 33). However, 





Fig. 33 


this electric motor, as a member of a system, will be linear if in the 
dynamic process investigated in the given system only that part 
of the characteristic A,OA is used which may be represented by 
a straight line to a sufficient precision for calculations. This substi- 
tution of a real characteristic by a linear one is termed linearisation 
(the general method of linearisation will be presented in Section 18). 

The overwhelming majority of continuous automatic regulation 
systems and servo-systems belong to the class of ordinary linear 
systems as their real characteristics, always more or less non-linear, 
may frequently be linearised over definite limits. 

The equation of motion for ordinary automatic regulation systems 
(and servomechanisms) has the general form 


* The static characteristic of a circuit is the dependence between the output 
and input quantities in various stable states of the given circuit. Ordinarily it 
is represented graphically. 
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where n, m and v are arbitrary whole positive numbers (ordinarily) 
m <n and v < n, where the “less than” sign occurs more frequently); 
Qo; Qr; <; Any Dos Dy, «105 Dms Coy Cry ++) Cy are constant coefficients de- 
fined by the parameters of the given system. We note that in general 
there need not be only a single perturbing force f(t), as here, but 
several. 

For conciseness of notation we shall everywhere below employ 
the symbolic operational form of notation for differential equations, 
introducing the notation 

dx da ae: 


= pt, —=pr,..,— =p, 
dt dt? dt (5.3) 
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For example, the equation 
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will be written in the form 
(aop? +a,p+a)xr = 0. (5.5) 


We shall not assign any further significance to the symbolic 
operational notation (5.5) in comparison with the ordinary form of 
notation (5.4), other than being a more concise method of denoting 
derivatives with regard to time (a different significance is assigned 
to the symbols in operational calculus, Section 74). 

The differential equation of motion (5.2) of an ordinary linear 
system in operational notation, therefore, takes on the form 


(aop +a, p” + ... + an-1pP + an) = 
(bop + bpm +... +bm-1P +bm)f (t) + (5.6) 
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or, still more concisely, 
L(p)æ = S(p)f(t) +N (p)y (t), (5.7) 


where L(p), S(p) and N (p) are the abbreviated notations for the 
operational polynomials in (5.6) before the variables æ, f(t) and y(t). 
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Singular linear systems. Singular linear systems are automatic 
systems in which the dynamic processes are described by linear 
equations, but not all equations are ordinary differential equations 
with constant coefficients. The following forms of automatic systems 
are included in the class of singular linear systems: 

1. Linear systems with variable parameters. These are automatic 
systems in which all circuits are described only by ordinary linear 
differential equations, where some of the coefficients in these equa- 
tions vary with time. Among these are certain continuous automatic 
systems where a portion of the parameters entering into the coef- 
ficients of the equations must be considered variable with time. 

Systems with variable parameters will not be considered in detail 
in this book. We shall show only that the theorems of Liapunov’s 
direct method (Section 57) apply to the study of stability of such 
systems, and shall give a numerical-graphical method for plotting 
the regulation process in such systems (Section 72). There are analytic 
methods for certain systems with periodically varying parameters. 
When the parameters of the system vary relatively slowly, the 
entire process is divided into time intervals, within each of which 
the parameters are considered constant, but different in different 
intervals, and the process within each interval is considered as 
a process in an ordinary linear system. 

2, Linear systems with distributed rarameters. These are automatic 
systems where it is not possible to consider all parameters to be 
lumped. These occur, for example, in all cases where long pipes 
are present in a continuous automatic system, in which it is necessary 
to consider the wave processes, or a long line in which it is necessary 
to consider the effect of distributed capacitance or inductance along 
its length. 

In these cases, together with ordinary differential equations 
(describing the dynamic processes in the remaining circuits of the 
system), there appear partial differential equations for the circuit 
with distributed parameters (Section 46). 

In investigating systems of this form the overall characteristic 
equation is found to be transcendental in contradistinction to ordinary 
linear systems. 

3. Linear systems with delay. In these one or several circuits have 
a time delay in transmitting the signal applied to the input of the 
circuit. In a circuit with delay the process of variation of the output 
quantity begins only after a certain time interval t following the start 
of variation of the input quantity (Section 45). 

Methods of investigating linear systems with delay coincide with 
the methods of studying one of the classes of systems with distributed 
parameters. 
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4. Linear pulse systems. These are automatic systems which consist 
only of linear circuits and include linear pulse circuits, ie. circuits 
in which any of the pulse characteristics (magnitude or duration) 
varies proportionally to the input quantity. Examples of linear 
pulse circuits are given in diagrams a and b of Fig. 31, corresponding 
to the graphs of Fig. 29a and 29d (the diagram in Fig. 31c and the 
graph of Fig. 29c represent a non-linear pulse circuit, which will 
be discussed below). 


5. Non-linear systems. Non-linear systems are automatic systems 
including, together with linear circuits, at least one non-linear 
circuit, i.e. a circuit with non-linear static characteristic or non- 
linearity of another type in the equation describing its dynamics. 
Above it was stated that the real characteristics of circuits are 
always more or less non-linear. Therefore, a non-linear circuit will 
be one for which the characteristics, for some reason, cannot be 
subjected to linearisation, i.e. they are, so to speak, essentially 
non-linear. 

For example, if an electric motor with the characteristic repre- 
sented in Fig. 33 is employed, where not only the rectilinear segment 
A,OA takes part in the dynamic process investigated, as before, 
but the entire curved characteristic B,OB, then this electric motor 
will now represent a non-linear element. The system as a whole 
will be non-linear even if all remaining elements are linear. 

Non-linear elements may have widely differing forms. We shall 
list the more important of them. 


(a) A non-linear relay-type circuit is one in which to a continuous 
variation of the input quantity x, there corresponds a discon- 
tinuous variation of the output quantity wv, appearing only at 
defined values of the input quantity. Various forms of non-linear 
characteristics of relay type have been shown in Fig. 24. Some 
of them have hysteresis loops. Among the non-linear systems with 
this type of circuit are all relay automatic regulation systems (Sec- 
tion 4). 


(b) A non-linear circuit with piecewise linear characteristic is 
a circuit the characteristic of which 42,(a,) is continuous, but has 
the form of a broken line consisting of rectilinear segments (not 
having continuous derivatives). Various forms of piecewise-linear 
characteristics are shown in Fig. 34. This type of non-linear circuit 
will also include those which are described by linear differential 
equations of various forms in various parts of the operation. 

The first two characteristics (Figs. 34a and b) may be termed 
limited linear characteristics while the first, a saturation charac- 
teristic (in dependence on whichever of these terms better corresponds 


Transients in Automatic Regulation Systems 35 


to the physical significance of the process in the given circuit). 
A characteristic of form a (Fig. 34) is obtained, for example, for 
each mechanical regulating organ having stops in the limiting position 
(rudder, slide valve) or limited cross-sectional dimension (gate valve). 
This form of characteristic may be used, as simplified, for an electric 
motor in place of Fig. 33. The same relates to hydraulic and other 
motors, used in automatic systems. 
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The third graph of Fig. 34c represents a characteristic with an 
insensitive zone or with a dead zone of width 2b. 

The characteristic of Fig. 34d combines a dead zone and saturation 
(limitation of the linear part), while a hysteresis loop is added in 
Fig. 34e. 

The characteristic of Fig. 34f corresponds to a circuit for which 
the transfer factor (or gain factor) increases with increase in input 
magnitude v, above a certain value 7, = b. Sometimes this is necessary 
for strengthening the effect of the control system. 

The characteristic of Fig. 34g is obtained in the presence of back- 
lash (free play) in the mechanical transmission of width 2b. This 
characteristic has a hysteresis loop. The characteristic for dry friction 
(Fig. 34h) also reduces in certain cases to the form 34g, but not 
always (see Part IV). 

(c) A non-linear circuit with curved characteristic may be directly 
considered. Its characteristic may be approximated by a second 
curve more convenient for analytic investigation. This characteristic 
in individual cases may also be approximately substituted by 
a piecewise-linear or relay characteristic. Finally, it may frequently 
be substituted by a linear characteristic in a limited operating region, 
i.e. linearised. Curved characteristics may also have hysteresis 
loops. 

This category also includes non-linear circuits the dynamics of 
which are described by non-linear equations containing the products 
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of variables or their derivatives and various more complicated 
combinations. These equations may also frequently be linearised. 

(d) A non-linear circuit with delay is one in which together with 
non-linearity of any of the above forms there is also time delay + 
in the transmission of the signal arriving at the input of the circuit. 

(e) A non-linear pulse circuit is one in which the pulse characteristics 
(magnitude and duration) do not vary in direct proportion to the 
input quantity but according to one of the above forms of non- 
linearity. For example, the circuit of Fig. 31¢ and the graph of Fig. 29¢ 
represent a possible relay type non-linear pulse circuit since the 
magnitude and duration of pulses is constant but only the sign 
varies, as in the relay characteristic of type 6 in Fig. 24. 


6. Processes in linear systems 


We shall first define certain basic concepts to be employed in 
further discussion. 

Regulation process, transient response and steady-state response. 
The differential equation of motion of an ordinary linear automatic 
regulation system has from (5.7) the form 


Lipje = S(p) ft) +N (p)y(), (6.1) 


where the coefficients of the operational polynomials are defined 
by the parameters of the system. 
Let us introduce the notation 


FO = POA, ye) = yt) + Ay (t), (6.2) 


where f(t) is a perturbation the influence of which should be sup- 
pressed as completely as possible in the system, f?(t) is the funda- 
mental portion of the perturbation, according to which calculation 
of the given system is carried out, Af(t) is an additional pertur- 
bation which in one or another form always exists in reality, y(t) is 
the input command on the regulator (servomechanism) which should 
be reproduced by the given system, Ay(t) is noise applied to the 
system together with the input action. 
The solution of the linear differential equation (with constant 
coefficients) will be 
æ = a(t) + a(t) + valt), (6.3) 


where q(t) is the general solution of the homogeneous equation 
L(p)x = 0, having the form 


ay = Cer! + Cpe! +... + Oneni, (6.4) 


where Cı, C.,..., Cn are arbitrary constants defined from the given 
initial conditions of the process; 2,, Za, ...,2, are the roots of the 
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characteristic equation L(z) = 0, which from (5.2) has in expanded 
form 

Aye + a, 2714... 4A, + än = 0; 
w(t) is the particular solution corresponding to the basic term 


S(p) f(t) +N (yp) yt) 
in the right-hand side of the equation; w,(t) is the additional part 
of the solution, corresponding to the additional term 


S(p)Af(t) + N(p)Ay(t). 


Expression (6.4) is written for the case where the characteristic 
equation does not have multiple or zero roots. 

A complete solution of (6.3) describes the regulation process in 
the linear system (the general case of perturbed motion of the system). 

The first portion of this solution q(t) in the form of (6.4) represents 
a transient response (the characteristic motion of the system super- 
imposed on the forced motion defined by the remaining terms of 
the solution). 

The particular fundamental solution 2°(t) represents the steady- 
state response or the steady (equilibrium) state of the system. 

The simplest cases of external driving forces are 


1) f° = const, y? = const; 
2) f° = const, y? = at; 
3) f = const, y = ot + 35 


4) f? = const, y?’ = asin at; 
5) P =asinot, y? = const, 

where the symbol ‘const’ also includes zero. 
The corresponding particular solutions will be 
1) æ = const, 
2) X = b+ at, 


et? 


4) æ = b + Aysin (ot + By), 
5) æ = b + A,sin (wt + By). 


These forms of steady-state response are termed respectively: 
(1) equilibrium state, (2) following with constant velocity, (3) follow- 
ing with constant acceleration, (4) folowing a sinusoidal input 
force, (5) forced oscillations with sinusoidal perturbation. In addition, 
it is also possible, of course, to have many other more complicated 
forms of steady-state response corresponding to more complicated 
input forces f°(¢) and y°(¢). 
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In Figs. 35, 36, 37 and 38 are presented the simplest examples 
of regulation (and following) processes, which are composed of 
steady-state and transient components. Thus, Fig. 35 illustrates 
the transition of a system in the regulation process from one equi- 
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librium state to another with a discontinuous change of load from 
some previous value f® to a new one f°. In Fig. 36 is shown the tran- 
sition of the system from the equilibrium state to a state of following 
with constant velocity and in Fig. 37 toja state of following a sinu- 
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soidal input force. In Fig. 38 is shown a process with pulsed external 
perturbation. In all cases the broken line shows the graph of the 
steady state response for the quantity and the difference between 
the ordinates of the full-line curve and the broken-line curve 
represents the transient response. 

Defining in this way the regulation process consisting of steady- 
state and transient components, it is necessary to remember that 
in the real system there will always be an additional distortion of 
the process introduced by the additional input forces and noise 
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Aj(t) and Ay(t). These distortions are expressed in (6.3) in the form 
of an additional term va(t). An example may be the process shown 
in Fig. 39. 

It is necessary to consider the following important circumstance. 
The particular solution 2°(¢) consists of individual terms correspond- 
ing to the individual terms terms in the right-hand side of the differ- 
ential equation S(p)f*(t) and N(p)y(t). If several perturbing forces 
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act, there will correspondingly be several terms in the solution. 
Then each term of the particular solution #(t) may be defined 
separately for each perturbation or driving force, independently of 
the other, and then they may be added. This is the so-called super- 
position principle. Consequently, if there exists a differential equation 


L(p)x = 81(p)fi(t) + S2(p) f2(t) +N (p) y(t) , 
the particular solution defining the steady-state response of the 
system will be 
a(t) = ai (t) + walt) + a(t) , 
where each term may be defined individually as the particular 
solution of one of the equations 


L(p)x = Sy(p)filt) , 
L(p)a = 8,(p) felt) , 
L(p)x = N(p)y%t) . 
The situation will be somewhat different with regard to the tran- 
sient response. In the solution for the transient response 
a, = C,e%! + Oret +... + Onen 


(which is superimposed on the steady-state response forming the 
total regulation process) the arbitrary constants C,, C2, ..., Cn must 
be calculated from the initial conditions necessarily utilising the 
complete expression of the solution (6.3). Otherwise the initial 
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conditions 2, čo, Ëo, ..., 26°» should be transformed to ay = 2—29, 


og = Żo— ġo, Where a, žo, ... are the values of 2°, 2, ... of the par- 
ticular solution for t = 0. Consequently, the form of the transient 
Tesponse may substantially depend on the form of the driving force. 
In other words (in the terminology of mechanics), the form of the 
characteristic motion of the system which is superimposed on the 
forced motion may depend substantially on the form of the latter 
(through the values of the arbitrary constants). 

We shall explain the above by a simple example. Let the system 
be described by the differential equation 


(ap? + ap + ae = f(t) (6.5) 


with initial conditions: «=a and «= % for t = 0. We shall first 
find the transient response in the system in the absence of the external 
force (F) = 0) as the solution of the homogeneous equation (a)p*+ 
+4a,p+a,)2=0. We obtain 

æ= n = C,e%t-+ C,e% , (6.6) 
where 
—a,+V a?—4a,a, 

2a, i 

We shall assume that the roots are real. Determining the arbitrary 
constants from the initial conditions, we obtain 


Da — L, 
C, Z o2 ‘0 
23— Zi 


Z = 


O, = 2, (6.7) 


4 Zi — Ze 


The solution of (6.6) is represented, let us assume, by the graph 
of Fig. 40a. 

We shall now find the transient response in the same system 
for the same initial conditions, but in the presence of a perturbation 
f(t) = asin (wt +8). The particular solution of (6.5), defining the 
steady-state response, will be 

æ = Asin(wt+ 8), (6.8) 
where 
a ayo 
= a EN B = è— tan! : 
V (@,— aye”) + aw? ‘ i, — Ayo” 
This is shown by the broken line in Fig. 40b. 


The transient response as the general solution of the homogeneous 
equation will be 


A 


ay = Cort Cor (6.9) 


where the arbitrary constants are defined from the initial conditions 
on the basis of the complete solution 


x = mlt) + a(t) = Clem! + Cie! + Asin(wt+ eB). (6.10) 
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Their calculation gives 


(%— Asin B)2,—(%— Awcos 6) 
jo ee ener toes), 
c, = So AsinB) 4 — (z— Awcos6) (6.11) 
2 <a 


The complete solution (6.10) is represented by the solid curve 
in Fig. 40b. The transient component (transient response) of this 
solution z is represented by hatching in Fig. 40b. It is shown sepa- 
rately in Fig. 40c. 


fa) 





Fig. 40 


From this it is evident that in the presence of an external force 
the transient responses, without regard to uniqueness of the general 
expressions (6.9) and (6.6) will differ, due to the essential differences 
in values of the arbitrary constants (6.11) and (6.7). 

From this there follows a second conclusion. The formula for 
the arbitrary constants (6.11) may be obtained from (6.7) if in the 
latter we substitute the quantity 2 by 2,— Asin and the quantity 
ž by 4,— Awcos®. But from (6.8) the quantities Asin§ and Awcosp 
are the values of 2° and 2° at £= 0. Consequently, the transient 
response in the presence of f(z) in the given system can be calculated 
from the homogeneous differential equation, but it is first necessary 
to transform the initial conditions to the form 


Lu =L — T; ty=—X—Z at t=0, 
where zo and žo are the values of 2° and ż° of the steady state com- 
ponents of the solution at t = 0. This is clearly shown in Fig. 40. 
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It should be noted that in automatic regulation systems (and in 
servomechanisms) such a transformation of the initial conditions, 
necessary for determination of the transient response from the 
homogeneous differential equation, is more complicated. This is 
connected not only with the high order of the equations but also 
with the presence in the system equation (6.1) of an operational 
polynomial before the external forces f(t) and y(t). But even there 
it may be carried out. 

. Thus, in investigating the transient response of automatic regu- 
lation systems it is always necessary to define the corresponding 
external conditions, i.e. to assign f(t) and y(#). 

If the transient response is sought as the solution of the homo- 
geneous equation Z(p)x = 0 for given initial conditions of the system, 
the result of such a solution corresponds to the absence of perturba- 
tions and input forces, where the system carries out a free motion 
from some shifted initial position. If the transient is a variation 
of external conditions (perturbing forces, variation of load, read- 
justment, change of following regime), then the transient response 
must be studied differently, by defining the arbitrary constants 
of the complete solution, including the steady-state component, 
or from the homogeneous equation with preliminary recalculation 
of the initial conditions. In both cases the form of the force f(t) and 
the operational polynomial in front of it have critical significance. 

It would be possible, without assigning specific f(t) and y(t), to 
assemble for each system a catalogue of transient responses de- 
termined from the homogeneous equation for all possible combina- 
tions of initial conditions. This would reflect, of course, all forms of 
transient response which could occur in the given system for various 
perturbing forces. But, firstly, for a high-order system the number 
of different combinations of initial conditions will be very great 
and, secondly, many of these combinations are excluded from the 
point of view of real operating conditions of the system. Therefore, 
it is more useful to assign certain typical external perturbations f(t) 
and y(t) which are either the most probable, the most difficult, or 
the most dangerous for the givens ystem. The transient responses 
should be determined for them. 

In the theory of automatic regulation either an instantaneous 
jump in the magnitude f (or the quantity y) from one constant 
value f® to another f° (Fig. 35) or an instantaneous impulse f (Fig. 38) 
are most frequently taken as the typical external force, although 
it is equally important to study the transient responses in the transi- 
tion from one following regime to another (Figs. 36 and 37). 

The typical step or impulse input forces are usually taken of 
unit magnitude (Fig. 41) since the solution obtained may then be 
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multiplied by the actual magnitude of the jump or impulse to obtain 
the solution for a force not equal to unity. It is well known that 
it is possible to find the responses for any other forces (Section 74) 
from the reaction of the system to the unit pulse. 
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The unit step for perturbation f and input force y (Fig. 41a) is 
conventionally written in the form 


f=1(@¢) and y=1(), (6.12) 
which in a more complete notation signifies 


17) =0 with ¢<0 and t=—0, (6.13) 


1(t)=1 with t>0 and t= +0, 
where the instant t= 0 is divided into two, —Oand +0, corre- 


sponding to approach to it from negative and positive values of t. 
The unit impulse is written in the form 


f=1't), (6.14) 
1’(t) = limf (t, h), (6.15) 
ho 


where 


if f(t, h) denotes the delta function represented in Fig. 41b, i.e. 


ft,h)=0 with t<0 and ¢t>h, 


f(t, h) =i with O<t<h. 6:00) 
This function has the property that its area is equal to unity for 
arbitrary h, including h —>0. Therefore, in passage to the limit in (6.15) 
there is obtained an instantaneous impulse (zero duration with 
infinite value f), but the magnitude of the impulse (area) is equal 
to unity. 
From this there follows in particular that 

+00 +œ k 

| v@at =lim Í f(t, h)dt = lim | vi as (6.17) 

ò h--0 $ ho 5 


where it is obvious that 
-0 


J 1V@)at=o. 
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The integral of the unit impulse 1’(t) is consequently a unit step 1(é) 
and signifies that the unit impulse which we denote by 1'(¢) is the 
time derivative of the unit step 1(é). 

An external force having the form of an instantaneous non-unit 
step of arbitrary magnitude f’ and y? may be written in the form 


f=f-1(@) and y=y-L(t) (6.18) 
and the instantaneous impulse 
f=fe1'(t) (6.19) 
or, with regard to Fig. 38a 
f=Pt+fe l(t). 


A step of the form of Fig. 35a may be written analogously in 
the form 
f= /°+(f—f™)-1(). (6.20) 
The application of driving forces of type Fig. 36) and Fig. 370 is 
written in the forms 
y = y+ ot-1(t) and y = asinot-1(t). (6.21) 
respectively. 

Thus, using functions of the form of the unit step it is possible 
to describe the instantaneous application of arbitrary forces to the 
systems. 

Initial conditions. If the differential equation of the system is 
given in the form (6.1), the initial conditions, as is well known, 
should be given in the form 


© = My = ay, Ë= oy BOM = WO, gi _ pn) 
at t=0, (6.22) 


where v is the order of (6.1), i.e. the degree of the operational polyno- 
mial L(p); the indices (n— 1), (n— 2), ... here denote the time deriva- 
tives of corresponding order, while the index 0 denotes their 
values at t = 0. The physical significance of these initial conditions 
is clarified by dividing the general equation of the system (6.1) 
into a series of equations of the individual circuits of the given 
system, which may be done for each concrete system (e.g. Example 1 
at the end of this paragraph). 

These initial conditions define the state of the system at t= 0, 
at which the examination of the process begins. 

In those cases where at t= 0 an input in the form of a step or 
impulse occurs, and in those cases where at t = 0 there occurs an 
instantaneous application of a force of any arbitrary form (e.g. 
(6.18)-(6.21)), it is necessary to distinguish the instants t = —0 
and t= +0. 
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This division of the time ¢ = 0 has a definite physical significance. 
In essence, in nature there cannot actually be “pure’’ instantaneous 
steps, pulses and applications of forces, but only relatively fast 
variations taking place during such short time intervals as may 
be neglected in comparison with the duration of the process studied 
in the system. Therefore, actual steps, impulses and applications 
of arbitrary forces, for example, in passage from one following regime 


to another, will occur over some small time interval from t = —« 
tot = +e (where ce is some positive quantity). Neglecting the magni- 
tude of this interval (e—0), we obtain the moments of time ¢ = —0 


and t= +0 for the start and finish respectively of the step (or 
impulse or application of arbitrary force). They actually correspond 
to two different states of the system, which are very close to each other 
in time, but may differ from each other by relatively large differ- 
ences in the magnitudes of the coordinates, velocities and other 
variable quantities. Thus, for example, it is familiar from mechanics 
that application of an “instantaneous’’ impulse (shock) to a mass 
causes “instantaneous” change in its velocity by a definite finite 
quantity. The term “instantaneous” is understood in the sense of 
“during the time: —e<t< +e” or, according to the above con- 
vention, from t = —0 to t = +0 (as e>0). 

From this it follows that in all cases where for ¢ = 0 there occurs 
a step, impulse or instantaneous application of arbitrary force, it 
is necessary clearly to distinguish what is actually meant by the 
initial conditions of the process: the state of the system at the instant 
t = — 0 (directly before the step) or the instant ¢= +0 (immediately 
after the step). Both of these have their significance. In the former, 
the step itself is included in the process considered by us, while 
in the latter the process in the system after the step has already 
occurred is considered. 

The initial conditions written for t = — 0 correspond to the state 
of the system before the step. For example, for the processes shown 
in Figs. 35, 36, 37, 38 and 39, we have 

c= oO t= Ë= DN at t=O. 

The initial conditions written for t = +0: 

T = %, È = %, Ë = 4,,...,0° % =a at to, 


express the instantaneous change of the corresponding quantities, 
occuring during the step. Therefore, in Figs. 35-39, where ż = 0 
at ¢ = — 0, in general, we may obtain z #0 at ¢= +0, ie. there 
may occur a break in the curve at the point t = 0. 

From the above there follows the necessity of having formulae 
for transforming the given initial conditions for t = —0, expressing 
the state of the system before the jump, to the initial conditions 
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for t= +0, defining the initial data of the required course of the 
process immediately after the step. 

The derivation of these formulae is easily carried out using opera- 
tional calculus which gives: 1) the application of the step itself 
and the state of the process under consideration employing the 
initial conditions for t = —0; 2) consideration of the process after 
the jump with initial conditions for = +0. By comparison of these 
two forms the initial conditions for t = +0 are defined through the 
conditions for t = — 0. This will be proved in Section 74 (p. 737). 
Here we give only the final formulae for calculating the initial con- 
ditions. The value of v and its derivatives for t = —0 (before the 
jump) will be given the index — 0, while for ¢ = + 0 (after the jump), 
the index +0. 

When a unit step of the variable f acts (Fig. 41a) we have the 
following formulae for transforming the initial conditions: 


7 A (n=m—1) (n-m—1) 
Lyo = Lo, Lo = Loy «e, Veo = Gao , 
(n—m) (n—m) Do 
zo —2o =— 1, 
to 
(n—m-+1) (n-m+1 __ b, 1 Qi (n-m) (n—m) 
Tto — 2o =—-1—-—-(@jo — 2o ) 
to Qo l 
(n—m+2) (n—m+2) by G2 5 (n—m) (n—m) 
Lto ~~ 2o = q 17g, et — go )— 
0 


to (6.23) 


a; —m+1 (n—m+1 
-z (ato )— gl 5 
o 


“et ae (a7 ™ — Sots 
— Salty? — 05) , 
A 
where m and n are the degrees of the operational polynomials in 
the differential equation of the given system (5.6), m <N; d,%, 
..+) bos 0,,... are the coefficients of these equations defined by the 
parameters of the system. 

In these formulae the operator 1 has the dimensions of the 
quantity f. If the force is applied in the form of a step, not equal 
to unity, in place of 1 the magnitude of the step should be substituted. 

With a force in the form of a unit step of the variable y we obtain 
from (6.23) formulae for transformation of the initial conditions by 
substitution of the quantity m by v and the quantities bo, bi; ... 
by Co, ¢,,... from the differential equation (5.6) of the system. 

From formulae (6.23) it is evident that for equality of the degrees 
of the operational polynomials in the right and left sides of the 
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differential equations of this system (m =n or v =n) the step at 
the point ¢ = 0 will occur not only for the derivatives in æ but also 
for œ itself, namely, %49— -o = bolão: 1. 

Formulae (6.23) also show that if m = 0, i.e. if the operational 
polynomial for f(t) is absent and the equation of the system has 
the form : 


L(p)x = bof (t) , (6.24) 
for a step of the variable f, the initial conditions for t= +0 are 
equal to the initial conditions for t = — 0. The same occurs for a step 
of the variable y in the equation 

L(p)x2 = cy (t). (6.25) 


If in the equation of the system for f(t) there is an operational 
polynomial bap + b,, with a step in the variable f, the initial conditions 
for t= +0 and ¢ = —0 will differ only in the values of the (n—1)st 
derivative. The higher the degree of the operational polynomial 
S(p) for f(t), the more derivatives in the initial conditions will change 
discontinuously at the step f. In this case, when the degree of S(p) 
in (5.7) is one less that the degree of L(p), for a step in f, there will 
necessarily be a discontinuity in the first derivative, i.e. a break 
in the curve of the process x(t). 

Formulae (6.23) may be transformed also with regard to a force 
in the form of a unit impulse in f. Having in view that the impulse 
is the derivative of the step with regard to time, for the unit impulse 
f(t) = 1'(t) in (5.7) the expression S(p)1’(t) may be substituted by 
S(p)pi(t). This signifies that in formulae (6.23) it is necessary to 
replace m by m-+1 and put bm+ı = 0. As a result we obtain the 
following formulae for calculating the initial conditions under a unit 
impulse of the variable f, when in (5.6) m < n: 


` i (n—m—2) (n—m—2) 
Dto = Lo, 4o == Loos --+y Veo = o ’ 
(n—m—1) (n—m-—-1) bo 
v0 —@L9 =—-l, 
a 
(a—m) __ (n—m) by Qi, (n—m—-1) „(n-m-—1) 
Sio Bg =- 1— -> (s70 —&-9 ); 
Qo a 
(n-m+1) „(n-m+1) be Qo - (n—m-1) _  (n—m-1) 
Tto —T—o S 1- a 7+0 —8—o = 
0 0 i (6.26) 
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(aso —ag™) 


(n—1) (n—1) bm . am -_(n—m—1) (n—m—-1 
ło —L-9 =: 1-— — (LL — go SR 
to to 


a —2 -2 
n — (aif — gt ’) ’ 
Qo 


48 The Dynamics of Automatic Control Systems 


where 1 has the dimensions of the impulse in f, i.e. the dimensions 
of f multiplied by time. If the force is applied in the form of a non- 
unit impulse, it is necessary to substitute in place of 1 in these 
formulae the given magnitude of the impulse fj; 

As is evident from (6.26), with the input in the form of an impulse, 
in contradistinction to a step, equality of the initial conditions for 
$= +0 and t= —0 will not occur, even in the case (6.24), since 
there will be a discontinuity in the value of the (n—1)st derivative. 
The discontinuity of the first derivative ż (i.e. a break in the curve) 
will already occur for m = n—2, and a discontinuity in the magnitude 
of z itself for m = n— 1. 

On the form of the equation for the transient process. Let the 
differential equation of the system have the form 


L(p)x = S(p)f(t) (6.27) 
and let it be required to find the transient response with input in 
the form of a step f(t) = /+1(¢), if before this the system was 
in equilibrium with z= const = 4%, The differential equation of 
the system (6.27) will be 


L(p)x = S(p)” +1(4)] (6.28) 

with initial conditions 
c=M,¢=H=..—=c°0=—0 at t=—0. (6.29) 
If these initial conditions are reduced by means of formulae (6.23) 
to the instant t = + 0, the step itself is eliminated from consideration 


and in place of (6.28) the differential equation of the system takes 


the form 
L(p) x = by-(f+1) , (6.30) 


where bm is the free term of the polynomial {(t), while 1 has the 
dimensions of f. 






New steady 


Old steady | 
state | 





Fig. 42 


In this case, the system passes from one steady state (‘“‘old”, 
Fig. 42) to another, a “new” one. The values of z for them as particular 
solutions are defined by 


0 Pm tooo — Pm cya 4.4) — 004 Omg (6.31) 
an an an 
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respectively, where a, is the constant term of the polynomial L(p). 
The solution of (6.30) will be 


c= a(t) + a = Cie"! + Ot +... + Cn een + 2 + Pm. , (6.32) 


where the arbitrary constants C,, C2, ..., On are defined from the 
initial conditions for t = +0, obtained from (6.29) by means of 
formulae (6.23). The solution of (6.28) with initial conditions for 
t = — 0 may be found by the operational method without preliminary 
transformation of the initial conditions (Section 74). The result in 
both cases will be, of course, the same. 

The transient response is represented by vertical hatching in Fig. 42. 
Its ordinates, as always, are subtracted from the new steady state 
of the system. It may be found as the solution to the homogeneous 
equation L(p)a, = 0, i.e. 


Ti = Cet + C,,€78# + coe + On nt , 
if in the initial conditions transformed by formulae (6.23) we take 


ta = a0 m M n., (6.33) 
an 
Sometimes the variable z is read from the old steady-state, and 
the solution takes the form (6.32) without the quantity 2, while 
the initial conditions will contain a = 0. 
This relates also to the equation 


L(p)s = N(p)y(t) 


with the input force in the form of a unit step y(t) = y®+1(t), 
with the difference only that from (5.6) it is necessary to substitute c, 
in place of bm in expressions (6.30)-(6.33). 
Similarly, for a force in the form of a unit impulse, in place of 
the equation 
L(p)x = S(p)1'(t) (6.34) 


with initial conditions at ¢ = —0 it is possible to solve the homo- 
geneous differential equation L(p)z,;= 0, but with other initial 
conditions for t= +0, calculated from (6.26)*. 

Let us consider the example of determining the transient response 
of an automatic regulation system by solution of the homogeneous 
equation, and also of examples of transformation of the initial condi- 
tions. 


* It should be noted that a similar transformation of the initial conditions 
to determine the transient response from the homogeneous equation is possible 
for various other types of external forces on the system. 
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Example 1. Let us find the transient response in the absence 
of perturbations in an automatic frequency control system, the 
schematic diagram of which is represented in Fig. 43. 

The regulated object is a vacuum tube oscillator consisting of the 
triode T and the tuned circuit LC. The regulated quantity is the 
frequency of oscillation w. 





Fig. 43 


The sensitive element of the regulator is a coil M with phase 
discriminator N. The voltage induced in the coil M is applied to 
the phase discriminator N. At the output of the latter a d.c. voltage V 
is obtained which is proportional to the deviation Aw of the oscilla- 
tion frequency w. 

The voltage V is then amplified in the d.c. amplifier A and is applied 
to the electric motor M which rotates the variable capacitor C’ 
through a reduction gear with damper C. The capacitor is the regu- 
lating organ acting on the object for the purpose of eliminating 
the undersired deviation in frequency tending to arise in it. 

Let the deviation of the regulated quantity (frequency), in the 
absence of perturbations, be expressed as a function of the angle 
of rotation of the capacitor by the equation (the equation of the 
regulated object) 

T,A®+ Aw = — ka , (6.35) 


where T, and k, are given constants, « is the angle of rotation of 
the capacitor axis, Aw is the deviation of the regulated quantity w. 
The equation of the sensitive element will be 


V = kdo. (6.36) 


The equation of the amplifier, motor and transmission to the 
capacitor ©’ will be 
Jë = 6V — eà, (6.37) 


where J is the moment of inertia of the entire rotating mass re- 
duced to the axis of the capacitor and &V and o,¢ are the torque and 
damping moment reduced to the same axis. 
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Eliminating from these three equations « and V, we obtain a single 
equation for the closed system in the form 








A6G+4,A6+4,Ao+a,Ao = 0, (6.38) 
where 
_o+e,T, _ Ca _ akika 
am 8 Ana SaR 
The characteristic equation will be 
@2+taet+az¢+a,=—0. (6.39) 


Let us first find the real roots (there is at least one such root in 
an equation of third degree). For this we construct the graph of 
the function 

f (2) = P+ aye" + ao + ag 
in the interval — M < z < —m, where M and m are the minimum 
and maximum of the numbers* 
J +T, Ce Ck ky 
JIT >? ee Q 








The point of intersection (Fig. 44a) gives an approximate value 
of the root which may be made more exact by interpolation. If all 
three roots of (6.39) are real, the curve f(z) will have three points 
of intersection (broken line in Fig. 44a) and thus all three roots 
will be found. 

If there is a single point of intersection (z,), the remaining two 
roots are complex. To determine them we have the quadratic equation 

24 2b2+b2=0, 


* Sea Section 39. 
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obtained by dividing the polynomial (6.39) by (z—z,). The complex 
roots of the cubic equation (6.39), consequently, will be 
zas = —b +i Vb — b. 
As a result we obtain the equation of the curve of the transient 
response as a solution of (6.38) in the form 
Aw = Oet + Oet + 0307s, (6.40) 


when all roots are real and distinct, and 


Aw = Ceat + Aedigin (Vb, —b?t+ 8) , (6.41) 
when two roots are complex. Here C,, Oa, Oa, A,B are arbitrary 
constants defined by the initial conditions and by the parameters 


of the system in the following manner. 
Let us next assign the initial conditions for t = 0. For example: 


Aw = Aoo %&=%, =h. 


On the basis of the circuit equations (6.35)-(6.37) we obtain for 
i=0 


Awo + kio M ee Ad + kičo _ Awo +kalao— Tido) 


Ady = | 
When all three roots of the characteristic equation are real and 
distinct, from the general solution (6.40) we have 
A® = — 0,21078 — C,2,6-*1! — 0,26" , 
Ae = Ozio + Opzet + Ozzie , 


Substituting in (6.40) and from there the initial conditions, we 
obtain 
Awo = Ot 02+ C5, 


Beet ite = C12, + Oe + Oats , 

1 

fork Kaleo — Tite) _ ¢ 284 O28 + Oak. 
Ti 


From this we find the arbitrary constants 
(T12,—1) (1% —1) Aero — (Trza +Tızs—1)kiao— Tikido 


0 = 
i Ti (2—2) (%— 21) 
0,= (Tızs—1)(Tızı— 1) Aw — (T1423 + T1441 — 1) hy mo — Tik do f 
Ti (Za— za) (21— 22) 
C, = (Tia —1)(T12,— 1) Ae@o— (Tiz, + Ti%2.—1) hy a9 — Tike i 


Ti (2, — 2) (23—23) 
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Calculating in this way the arbitrary constants for the case (6.40), 
and analogously for (6.41), we obtain the corresponding curves of 
the transient process (Fig. 44b and 44c) in the given automatic 
regulation system. 

A solution of this example by the operational method is given 
on p. 742. 

Example 2. Given the differential equation of an automatic regu- 
lation system 


(aop? + a, p® + agp? + aap + a) t = — (bop? + bip + be)f(t). (6.42) 


It is required to find the initial conditions at t = + 0 and the transient 
response (Fig. 45a) from the homogeneous differential equation 


(ao pt + a, p> > ap? + a,p+a)%= 90, (6.43) 





Fie. 45 


if it is given that at t = 0 the load f on the object changes discon- 
tinuously from zero to a given value f°, and that before the step the 
system was in the steady state 


(a=%=#=%=0 at f=f/=0 with t<-0). 


From (6.23) and (6.33), noting that in the right-hand side of (6.42), 
in contradistinction to the general formula (5.6), there is a minus 
sign before all coefficients, with n = 4 and m = 2, we obtain the 
required initial conditions for ¢ = +0: 


b 
n=l, Z=0, maa Ts 
a=- ip- p = (2+ Sp 

n G& Œo 
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These initial conditions permit solving the homogeneous equation 
(6.43), in place of the equation 


Gy p' + a, p+ ap? + agp +a) a = — (bop? +b, p + ba) f?-1(t), 


having zero initial values before the step. 
Analogously, in the case of an instantaneous impulse /; (Fig. 45d), 
to be able to solve in place of the equation 


(apt + a, p* + ap? + agp + a) = — (bop? + bip + ba) f:1'(t), 


the homogeneous equation (6.43), we find from (6.26) the following 
initial conditions for t = +0: 


by a, bı , Abo 
M=0, = fi, &=——fi-—— 4 —— Ss fis 
0 A 0 o o 
= b, Q. t. by abo ab, alby 
o = — — fic Sio —& = |—-—4+-— t O fi. 
a o to A ao 0 a 


Example 3. Given the differential equation of a servomechanism 
(app? + ap? + a:p + dy) e = (Cop? + Cp + Co)Yy , (6.44) 


where the external applied force y takes the form of a unit step, 
before which the system was in equilibrium with s = ż = # = 0, 
y = ý = 0. It is required to find again the initial conditions so that 
to obtain the transient response (Fig. 45c), in place of equation 


(aap? + ap” + a:p + Gy)@ = (cop? + cp +¢,)-1(t), 
it would be possible to solve the following equation (after the step): 
(aop? + a, p? + ap + Qs)@ = C2, 


where æ% is read from the old steady state. For this we calculate 
from (6.23) the initial conditions for t = +0: 
t=), dy = 2, dy = % 3, — &_ Sits 
A A o Qa 4% 
(in this example, in accordance with (6.44), the symbols b in formulae 
(6.23) are replaced by c). 


7. Stability and errors of linear systems 


The complete solution (6.3) of the differential equation of motion 
of the linear automatic regulation system (6.1) includes, firstly, the 
useful portion, i.e. the reproduction of the input force, and, secondly, 
an entire complex of additional terms constituting the error of the 
given system. Let us now consider this question. 
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Stability of a linear system. First of all it is necessary to note 
that the general solution of the homogeneous equation (6.4) may be 
divergent, i.e. 2;-0o ag too. Then the system will not be useful 
since it will diverge from the steady state defined by the particular 
solution 2(¢). In this case the system is termed unstable; in general 
it will not reproduce the input signal. Therefore, it is first necessary 
to consider this undesirable property of the transient response. 

The transient response (6.4) has the form 


Ly, = Oet + Oret + ...+ Cent, (7.1) 
where Ci, C,,..., Cn are arbitrary constants defined by the initial 
conditions; 2,, Za, ..., 2, are the roots of the characteristic equation 
of the given system 

age" + a2" 4+... + On e+ dn = 0 (7.2) 
(the form (7.1) is valid when all roots are distinct). 

The roots 2,, 2, ..-; 2, may be both real and complex conjugate. 
We assume for concreteness that the first two roots are complex, 


the third and nth real and all remaining roots may be either complex 
or real in arbitrary order. In accordance with this we write 


41,2 = x iw, Zg = X3 y 3 Zn = Xn. 
Then the solution of (7.1) is 
x = Ae™sin(ot tB) +0”. t One, 


where A and § are real arbitrary constants replacing C, and C» 
which, with complex roots, will also be complex. 

If «, < 0, the first term of the solution Aesin(w,+f) will tend 
to zero as t—>oo, i.e. it will be attenuated (Fig. 46a). If «, > 0, how- 
ever, this term will be divergent (Fig. 46b). 


_ fed 








Fre. 46 


The second term of the solution, i.e. C,e%', will be attenuated 
for «< 0 but divergent for «,>0 (Fig. 46c). 

The same conclusion relates to all remaining roots of the charac- 
teristic equation. 

Thus, the transient response (7.1) will be attenuated only when 
all real parts* of the roots of the characteristic equation (7.2) 


* By the term “real part of a root’’ we mean also real roots, which are con- 
sidered as particular cases of complex roots when the imaginary part vanishes. 
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are negative, independently of the values of the arbitrary constants, 
i.e. independently of which initial conditions and external forces 
on the system occur in the given transient. If at least one of the 
roots has a positive real part, the corresponding term of the solu- 
tion (7.1) will be divergent. In this case the entire process, regardless 
of attenuation of the remaining terms of the solution, will obviously 
be divergent. This conclusion remains valid in the presence of multiple 
roots in the characteristic equation. For example, for a root z = a 
having a multiplicity k, the solution is obtained in the form (C,+ C,t+ 
+...+0,¢*)et, and if «<0, the quantity e* will tend to zero 
more rapidly as ¢->oo than the factor in parentheses tends to infinity; 
thus, the general expression will tend to zero when t—>oo. 

We have not discussed zero, infinite and purely imaginary roots. 
They represent special cases. We remark that to a pair of imaginary 
roots z = +iw there corresponds a term of the solution Asin(at +68), 
which represents a harmonic oscillation with constant amplitude 
(Fig. 46d). These cases will not be specially considered below but 
it will be assumed that a zero root represents the boundary between 
positive and negative real roots, a purely imaginary root the boundary 
between complex roots with positive and negative real parts, and 
an infinite root the limiting case for w = «. It thus follows that in 
a linear system, excluding the limiting case, the transient response 
may either attenuate to zero for arbitrary initial conditions and 
external forces or diverge to infinity*. Therefore, defining the 
concept of stability for linear systems is very simple. 

A linear system in which a transient attenuates, ie. a(t)—>0 as 
too, is termed stable. If the linear system has a divergent transient 
response, it is termed unstable. 

From the above, there follows the following requirement on the 
roots of the characteristic equation of the system. 

For stability of a linear automatic regulation system it is necessary 
and sufficient that all roots of the characteristic equation of the 
given system have negative real partsf. 

If there is a zero or infinite root, or a pair of purely imaginary 
roots, while all remaining roots have negative real parts, the system 
is at the limit of stability. In the presence of a zero root (and all 


* As a result of addition of several attenuating exponents and several at- 
tenuating sinusoids in the curve of the process z(t), the attenuation of the process 
as a whole may not occur immediately from the time t = 0 but after some finite 
interval of time. This also relates to the divergent process. 

+ As was mentioned in Section 5, all real systems are more or less non-linear 
systems, but are linearized to assist calculation. The validity of the above condition 
regarding the roots of the characteristic equation for a linearised system was 
proved by A. M. Liapunov, as will be considered in Section 18. 
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remaining roots with negative real parts) the system is termed 
neutral, since with this there is observed an “indifference” of the 
system to the value of the regulated quantity (the external force 
may change it in arbitrary manner). 

Let us introduce a geometric interpretation of the above require- 
ment on the roots of the characteristic equation. 

In the complex plane («, iw) each root corresponds to a definite 
point. We shall mark them by crosses (Fig. 47). This plane is termed 
the root plane. 





Fic. 47 


From the above, it is obvious that for stability of a linear auto- 
matic regulation system, it is necessary and sufficient that all roots 
of the characteristic equation of the given system lie in the root 
plane to the-left of the imaginary axis. 

The imaginary axis in the root plane corresponds to the limit 
of stability; on it are located all purely imaginary roots of the charac- 
teristic equation as well as the zero root (w = 0) and the root at 
infinity (w = oo). 

A similar concept of stability is introduced for the class of singular 
linear systems. However, the characteristic equation obtained here 
is different (see Part III). 


Quality of the transient response and the transient dynamio error. 
The concept of stability and instability of linear systems relates 
only to the presence or absence of attenuation of a transient in 
the system. Obviously, stability of an automatic system is the first 
(but by no means sufficient) requirement. 

It is necessary to design an automatic system and select the para- 
meters (masses, resistances, capacitances, ete.) entering into the 
coefficients of the equation so that the system will be first of all 
stable. But not every stable system (i.e. a system with attenuated 
transient response) will be good. Attenuation may occur rapidly 
or slowly, with large or small deviations z(t); the transient response 
may be oscillatory or monotonic, etc. All these factors are various 
aspects of the so-called quality of the transient response and require 
special investigation. 

In the full solution (6.3) of the differential equation of motion 
of a linear system (6.1), the useful part, defining the reproduction 
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of the input action, enters into the particular solution 2*(t). There- 
fore, the entire transient component q(t) is an error of the system. 
In distinction to other errors of a stationary and dynamic character, 
it is termed the transient dynamic error: 


Ara = aft) . (7.3) 


It is represented, for example, in the form of hatching in Fig. 42 
and Fig. 40 and in the form of the difference between the full curve 
and the broken-line curve in Figs. 36c and 38c. Consequently, the 
study of the quality of the transient response of an automatic system 
involves the determination of its transient dynamic error Aj. The 
most important factors here are the attenuation time, maximum devia- 
tion and shape of transient curve. 

Theoretically, a transient in a linear system, as mentioned above, 
may attenuate completely only at infinity: x(t) +0 as too. Practi- 
cally, the attenuation time of the transient is considered finite. 
As the magnitude of the attenuation time (duration) of the transient, 
that time interval t is taken after which the deviation of the regulated 
quantity x(t) in the process becomes and remains in absolute value 
less than some preassigned positive quantity « (Fig. 48). In each 
concrete problem the quantity e is assigned so that it’may be con- 
sidered negligibly small in calculating the given system. 





The maximum deviations in the transient process 2,(¢) in both 
directions (@max1 aNd Lmaxz, Fig. 48) constitute the maximum values 
of the transient dynamic error. Ordinarily, their relative values 
are of interest: 





£ 
Ata max % = m0 100% ; (7.4) 


0 
n 
where x is some nominal value of the regulated quantity. The 
maximum deviation in the transient response in a direction opposed 
to the initial deviation, i.e. the magnitude marz in Fig. 48, is termed 
the overshoot. 
One of the problems in the rational design of an automatic regula- 
tion system and of its parameters is ensuring that the attenuation 
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time of a transient and the maximum value of the transient dynamic 
error do not exceed pre-assigned limits. 

In addition, it is important to ensure satisfaction of additional 
requirements on the form of the transient curve (monotonicity of 
the process, defined character of transient oscillations with the 
absence of undesired frequencies, etc.). 

The concept of stationary errors. The above-considered concepts 
of system stability and quality of transient response relate to the 
first component a(t) of the complete solution (6.3). We now turn 
to the second component 2 (t), which represents the particular 
solution of the differential equation of motion of the system 


L(p)a = S(p) ft) +N (p) y(t) . (7.5) 


As discussed above, the particular solution #(¢) contains the 
useful part aa(t), constituting the reproduction of the input signal 
y(t). The difference 


Asa = 2°(t)— an (t) (7.6) 


is termed the steady-state dynamic error of the system. The quantity 
zalt) may be termed the nominal value. 

In the usual automatic regulation problem 2), is that value of the 
regulated quantity which must be maintained constant in the given 
system. The regulator is adjusted to it initially (i.e. the appropriate 
y? = const is set) in some nominal stationary regime of the given 
system corresponding to constant nominal value f% of the load or 
other external forces on the regulated object. Actually, the system 
will operate at loads (or other forces) f(t) differing more or less on 
either side from the adopted nominal value fp. The automatic regula- 
tion system is intended to overcome the effects of these large devia- 
tions of the load on the variation of the regulated quantity. In this 
case, if the expanded expression for N(p) (5.2) is taken into account, 
the differential equation (7.5) takes the form 


L(p)a = S(p)f(t)+eyy® (y? = const) . (7.7) 


By finding the particular solution 2°(¢) of this equation for various 
forms of variation of /°(¢), it is possible to determine from (7.6) the 
stationary dynamic errors 


Asa = W(t)— z . (7.8) 


Most frequently, we are concerned with cases where f°(t) has a discon- 
tinuous pulse or oscillatory character In the latter case, the stationary 
error Asa represents a forced oscillation. 

In particular, if f° is a constant quantity (different from the nomi- 
nal f,), the particular solution will be 2° = const and the stationary 
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error (7.8) becomes constant. In this case it is termed the static 
error: 


a ae 
i = 
Ag =a —a, =const or Aga% = n 





-100 %; (7.9) 
n 

which is also sometimes termed the residual error of the regulated 

quantity. 

For programmed regulation systems and servo-systems it is 
necessary to use the general formula for the stationary dynamic 
error (7.6). With programmed regulation the expression æġ(t) in 
this formula denotes the required form of variation of the regulated 
quantity. For servo-systems, for the same scale and the same physical 
character of input and output quantities of the system, the quantity 
a(t) in (7.6) will be 

aalt) = y"(t) , (7.10) 
and in the contrary case 


a(t) = kyy(t) . (7.11) 


This also relates to measuring devices operating on the compensa- 
tion principle. 

If the stationary dynamic error of a computer is investigated, 
we have for its differential equation in (7.6) 


dy (t 
am = WO, (7.12) 
for an integrating device: 


t 
galt) = Jy? (t)dt; (7.13) 
0 


æa (t) is written analogously for devices carrying out other mathe- 
matical operations. 

For servo-systems and computers the typical input functions 
are the following: (1) constant value of y°; (2) a change with constant 
velocity Y = wt or, with constant acceleration, y° = et?/2; (3) an 
oscillation y° = asinwt, or more complicated functions. All these 
typical forces may be connected with simultaneous variation of 
load f(t) at the output of the system. But most frequently such 
perturbations are either neglected or considered constant in magni- 
tude (for example, a constant load f° at the output of the system). 
Then, if the significance of the expression S(p) in (5.2) is taken 
into account, the differential equation of the system, in place of (7.5) 
is written in the form 


L(p)s = baf+N(p)yt) (P = const). (7.14) 
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For constant value of ° the stationary dynamic error in this 
case becomes the static error. 

In the present section, the determination of the static error as 
well as the stationary dynamic errors in following regimes with 
constant velocity and constant acceleration will be investigated. 
The determination of the stationary dynamic errors of forced oscilla- 
tions in regulating systems and stationary dynamic errors of follow- 
ing with oscillatory input will be given in Section 8. 

Static error, residual deviation. In the case of constant values 
of the external forces f? (constant load) and y? (constant adjustment) 
the differential equation both for a regulating system (7.7) and for 
a servomechanism (7.14) takes the form 


P = ptt. 


Therefore, for a regulating system, we obtain from (5.2) the particular 
solution 


_ Om 0 Cy o bm 0 Cy 
pa tar Ln = a,ieta (7.15) 


and calculate from (7.9) the static error, or residual deviation of 

the regulated quantity 
0 

An =" (—f2) or Au% =r Eho% (1.16) 

ay an Ln 

For servomechanisms, with the problem stated in the form (7.11) 

we require 2° = k,y°. Therefore, from (7.9) the static error is as 

follows: 


bm Cy 
ba =P + (S-t). (7.17) 
However, a servomechanism always satisfies 
G = koän , (7.18) 


which will be termed the fundamental relationship. In particular, 
for k= 1, ie. with statement of the problem in the form (7.10), 
which is frequently encountered in practice, the fundamental re- 
lationship (7.18) for a servo-system takes the form 


Cy = an. (7.19) 


Therefore, in place of (7.17), the static error of the servomechanism 
will be 


Ag =-~ P. (7.20) 
The stationary dynamic error in following with constant velocity. 


Given the input force 
°=gtoat. (7.21) 
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The servomechanism must satisfy (7.11), and we require 
a = koy? = kopo t koot . (7.22) 
Given, further, that the load fp at the output of the system is 
constant. Substituting (7.22) and f = const in the right-hand side 
of the differential equation (5.2) let us seek a particular solution 
in the form 
æ = p+ ot. 
Equation (5.2) now takes the form 
an- 01 + On(91 + yt) = bm f? +640 + elpot wt) , 
from which the quantities ọ, and w, are found by equating coef- 
ficients of ¢ in both parts of the given expression. As a result we 
obtain the required particular solution 
a = EP t aot (See ot “at. 
an an n an an 
From this, (7.6), (7.22) and the fundamental relationship (7.18), 
we find the stationary dynamic error 


— Kohn 
on- |, 


baa aah = bap fo (7.28 


Gn 

Consequently, in following with constant velocity, there is a constant 
error proportional to the velocity. It is not difficult to verify that 
without the fundamental relationship (7.18) there would be an 
error which increased with time. To eliminate the error proportional 
to the velocity of following w (for w = const) it is necessary to design 
the servomechanism so that, aside from the fundamental relation- 
ship (7.18), there would be satisfied a further relationship 


Csi = kona - (7.24) 


Stationary dynamic error in following with constant acceleration. 
Given 


ef? 
Y= Got at + > (7.25) 
and required 
2 
= By E E E hay i 


With 
f = f = const. 


Substituting the given function y° in the differential equation 
of the system (5.2) and seeking a particular solution in the form 


1 
a = Pit att 5 ae 
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analogously to the above we obtain in the result 


a = [Ppt Say (Sat) a 
On Gn a 


T a, 

c An-2Cy An—1C. aže ” 
v2 n—27y nm—-1’y—1 n=17y 

+ (Pe ee | ef + 
an an an an . 
c C-i On- 1e 

+2 o+ |2 n e[t4+- set. 
An Qn F 2 an 


If the servomechanism satisfies the fundamental relationship (7.18), 
the stationary dynamic error from this will be 


b Cy — hn 
Aa = 0 — af = [20 4 Saita + 
a (= koän-z__ an- Cv-1— kon- Fatema) | F (i — kolni e) t, (7.26) 
Gn On Gn Qn 


i.e., it will increase with time. If, in addition to (7.18), the supple- 
mentary relationship (7.24) is satisfied, the stationary dynamic 
error in the process of following with constant acceleration will be 
constant and proportional to the magnitude of acceleration 


= bm Cy — koān-z 
Asa = Gn fP + Gn E. 


(7.27) 

Additional dynamic errors. In addition to the errors considered 
above, defined by the terms æ;(t) and 7°(t) in the complete solution 
of (6.3), there are additional distortions of the regulation process 
due to the fact that in a real system perturbations f(t) and input 
forces y(t) do not ideally follow the assumed forms of variation 
f(t) and y(t), but contain additional perturbations Af(t) and noise 
Ay(t), ie. 

F(t) = ft) + Af(t), y(t) = y(t) + A(t). 

As a result of this, an additional dynamic error is obtained defined 

by the differential equation 


L(p) Aaa = S(p)Af(t) +N (p) Ay (t) . (7.28) 


Aj(t) and Ay(t) are frequently random functions arising from external 
fluctuations: they cannot be given as defined functions of time but 
may be characterised in one of the following ways: 

(1) the functions Af(t) and Ay(¢) take on arbitrary values, whose 
moduli do not exceed definite assigned positive quantities p and n, i.e. 


|Af(t)|<e and = [Ay(t)| <7; (7.29) 


(2) the functions Af(t) and Ay(t) are defined by their probability 
distributions. 
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In the former case, it is possible to carry out a rough evaluation 
and define a positive quantity < which the additional dynamic 
error of the system does not exceed in absolute value: 


|Aaa| < €. (7.30) 


In the latter case it is possible to carry out a more detailed sta- 
tistical calculation. 

Both of these methods may sometimes be required for estimation 
not only of the additional dynamic error but for the sum of all forms 
of system errors. 

Total system error. The total error of an automatic system is 
thus composed of three parts: 


A = Au + Aa + Aaa (7.31) 


where Ax is the transient dynamic error, Aga is the stationary dy- 
namic error (which, in particular, may be a static error Ag) and Aga 
is the additional dynamic error. 

We remark that if, after a certain period of time, the total error A 
of a given system should become, and then remain, smaller than some 
prescribed small quantity for defined bounds on the initial conditions 
and the perturbing forces, this is sometimes termed “technical 
stability”. In the present discussion, however, this term will not 
be employed. 

All concepts considered in the present section may be extended 
to singular linear systems, since the principle of superposition of 
individual solutions remains in force, and only the form of the 
equations of the dynamic system is changed. 


8. Forced oscillations and frequency characteristics of linear systems 


The steady-state process of forced oscillations in a linear system 
is defined by the particular solution of the equation of motion of 
the system (5.6) or (5.7) corresponding to a periodic right-hand side, 
namely, to an oscillatory perturbation f on the regulated object 
or an oscillatory input signal y to the regulator or the controlled 
system. Let the oscillatory force on the system be sinusoidal: 


f=asinot or y=asinat, (8.1) 


where the amplitude a of this oscillation is taken equal to unity, 
or, more exactly, as the unit of measurement of all other amplitudes 
which appear in the system as a result of this oscillatory force. 

In the first case, the forced oscillations of the regulated quantity 
from (5.7) are defined by the particular solution of the differential 


equation 
L(p)a = S(p)f(t) , (8.2) 
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and in the second case 
L(p)x = N(p)y() . (8.3) 
The particular solution (form of forced oscillations) is sought in 
the form v = Aasin(wt+§), where Aa is the amplitude of the forced 
oscillation*, 8 the phase. To distinguish between the perturbing (f) 
and input (y) forces, the particular solutions of (8.2) and (8.3) are 
respectively 


x = Ayasin(wi+f,;) and s= A,asin(wt+ By) - (8.4) 


The usual method of finding a particular solution is to substitute 
the given function (8.1) and the required solution (8.4) in (8.2) or (8.3), 
after which the unknown constants A; and fy, (or A, and fy) are 
determined by equating the coefficients of sinwt and cosat in the 
left- and right-hand sides of the equation. However, for a high-order 
system this method is cumbersome. We shall describe a second 
method widely used in the theory of automatic regulation. 

Transfer function of the system. The operational differential equa- 
tions (8.2) and (8.3) may be conventionally re-written in the form 


æ _ S(p) i Sanm. (8.5) 


FTI O yT) 

This new operational notation will not represent anything new 
in comparison with (8.2) and (8.3) or with the ordinary form of 
the differential equation (5.2). From (8.5) it is easy to pass to (8.2), 
(8.3) and (5.2) or vice versa. 

In (8.5) we have, as it were, the ratio of the result w (“output 
quantity”) to the force f or y (to the “input quantity”), written in 
symbolic operational form. This ratio is termed the transfer func- 
tion of the system. We denote it by 


Wip)= and Wyp = (8.6) 


L(p) Lip) 
respectively. 

Complex transfer factor (complex gain factor). Let us now write 
the harmonic oscillations (8.1) and (8.4) in complex form, recalling 
the relationship 

e —coswi+isinet (¢=Yy—1). (8.7) 

Geometrically (Fig. 49), this is a unit vector in the complex plane, 
rotating counter-clockwise with angular velocity œ. Its projection 
on the imaginary axis represents the harmonic oscillation (8.1), and 
its projection on the real axis gives at the same time the other possible 
harmonic oscillation in the form cos œt. In analytic notation we have 


sinat = Ime, cosut = Ree. 


* A denotes the ratio of amplitudes. 
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Considering the above, we shall write the harmonic oscillation (8.1) 
in complex form, as is frequently done, omitting the symbol Im: 


f=ae and y= ae, (8.8) 


and the particular solution (8.4), i.e. the forced oscillation of the 
regulated quantity in the same complex form: 


a= Aer? and «= Aer , 


N 
LEN 


coswt 


Fic. 49 


If we take the ratios of these “output” quantities to the “input” 
(8.8), we obtain 


x iR p iB, 
== Áe"! and == 4A,e"”. 
f ! y ko 


respectively. 

This ratio of steady-state forced harmonic oscillations of the 
linear system to the external harmonic force on the system written 
in complex form is termed the complex transfer factor of the system 
or, which is the same, the complex gain factor of the system. We 
denote it by 


K= A" and K,y=Aye™. (8.9) 


This is a complex number, the modulus A of which represents 
the amplitude of the output quantity (more exactly, the! ratio of 
amplitudes of output and input oscillations), while the argument 6 
is the phase (more exactly, the difference of phase of output and 
input oscillations). Thus, the complex transfer factor K gives directly 
a complete characteristic of the forced oscillations in the given 
linear system. 

We shall prove that the complex transfer factor of the system 
may be calculated by substituting iw in place of p in the expression 
for the transfer function of the system (8.6), i.e. we shall prove that 





l S(t 
Ky = Wilio) =o : (8.10) 
K, = Wio) = a 


Llio) ` 
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In fact, let there be given, for example the differential equation 
of the system in the form 


@ g dx TÍ pi 
ay Fat ay Fe tag hanbit bO. (8-11) 


‘We shall rewrite this in symbolic operational form 
(Gop? + ap? + ap + dy) = (bop? +b, p + ba) f(t) « 


Consequently, the transfer function of the system will be 





bop? +b p +b, - 
Wi(p) = 9 1 ea 12 
(P) = T+ ap? + ap +a, ey) 
The external force is 
f = act, 


while the particular solution (forced oscillation) is sought in the form 
c= Ajac tep = Ka l 


We employ the usual method of finding the particular solution, 
i.e. we substitute f and œ in (8.11). We obtain 


a,K (iw) ae + a Kioja + aK yiwae! 4+- aK jacto = 
bo(tw)2aet + byiwact + boaeit . 
whence 
K, — bali) + brie +p 
1 alio + a,(iw)? + aio + dy" 

From comparison of the result obtained with (8.12) the validity 
of (8.10) follows (although this has been demonstrated for an equation 
of third order, the same result can clearly be obtained for an equation 
of arbitrary order). 

We thus arrive at the following simple method of calculating 
the steady-state forced harmonic oscillations in a linear system of 
arbitrary order. If the differential equation of the system (5.2) is 
given, it is necessary to write it in operational form (5.6) or (5.7) 
and then as a transfer function (8.6). In the latter p must everywhere 
be replaced by ia. 

As a result a certain complex number (8.10) is obtained, the 
modulus of which gives A, the ratio of amplitudes of oscillations 
in the system, and the argument gives the phase (the true amplitude 
will be equal to Aa). 

If we denote the modulus and argument of the complex number 
in the denominator Z(iw) of (8.10) by Az, Bz, and the modulus and 
argument of the numerator S (iw) by Ag, Bs, the required amplitude 
and phase will be, by the rule of division of complex numbers, 


t= h= sbr, (8.13) 
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and, correspondingly, for the second of the expressions (8.10) 


A 
A, =a; » By=Bn—-Br. (8.14) 


The amplitude-phase frequency characteristics of the system. It 
is well known that the amplitude and phase of forced oscillations in 
a given linear system depend on the frequency w of the external 
force or, which is the same thing, on the frequency of forced oscilla- 
tions. Therefore, in the complex transfer factor K = W (iw) the 
modulus and argument are functions of frequency w, i.e. 


K = W(iw) = A (o) Bo (8.15) 


(we omit here for conciseness the indices f and y, which should be 
used in specific calculations). — ; 

In the complex plane W (Fig. 50) this will be a vector of length A 
with angle of inclination B to the abscissae. In Fig. 50 the angle B 
is shown negative (clockwise), as forced oscillations in real systems 
are usually delayed in phase (i.e. the phase is usually negative). 





Fig. 50 


Since to differing frequencies w there correspond differing ampli- 
tudes A and phases $8, with variation of frequency w the tip of the 
vector (Fig. 50) describes a certain curve, each point of which corre- 
sponds to a definite frequency w and indicates the value of the 
amplitude A and the phase B obtained at that frequency. Conse- 
quently, the curve W(iw) gives a complete characterisation of the 
properties of the steady-state forced harmonic oscillations in the 
given linear system for arbitrary frequency. This curve is termed 
the amplitude-phase frequency characteristic (the word “frequency” 
is usually omitted for conciseness. 

We have constructed the amplitude-phase characteristic W (tw) 
of the system in polar coordinates A and 8. But frequently it is more 
convenient to calculate its rectangular coordinates U,iV. In this 
case, obtaining from the differential equation of system the ex- 
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pression for the complex transfer factor (8.10), we separate it into 
real and imaginary parts, i.e. we represent it in the form 


K = W(ia) = U(w)+iV (a). (8.16) 


If in expression (8.10) we denote by Uz, iV, the real and imaginary 
parts of the denominator L({iw), and by Us,iVg the numerator 
S(iw), we obtain 
Ust+iVs a UsUr+VsVr+i(VsUr— UsV x) 
Ur+Wr UL+Vi 
From this we obtain for the amplitude-phase characteristic W (iw) 
the real and imaginary parts 
UsUL+ VsV1 

UL+Vi 


K; = Wiio) = 


VsUr— UsV: 

, Ve)= 4 il Lee 
Ui+Vi 

and analogously for the amplitude-phase characteristic W,(i), 


with substitution of the index S by N. 
Thus, in example (8.12): 





Ulo) = (8.17) 


. S = bya? + biw + by 
Witel= — div? — 4,0? + aio +a,’ 

from which: 

Us =), —byw?, Vs=bw, Up=a,—a0*, Vz = w(a,— dow?) . 


If we wish to construct the amplitude-phase characteristic in the 
rectangular coordinates (U,iV), it is necessary to substitute 
Us, Vs, Ur, Vr from (8.17) and, assigning various values of w, to 
plot the curve point by point (Fig. 50). If the amplitude-phase 
characteristic should be plotted in polar coordinates (A, 8), it is 
necessary to find first the moduli and arguments of the numerator 
and denominator 


Ag =VUS+V5, Bs = tan TS, 
sS 


A (8.18) 


AL=V0+V}, Br =tant—, 
Uz 

and then, employing (8.13) and substituting various values of a, 

to plot the curve (Fig. 50) point by point. The result will, of course, 

be the same in both cases. 

The amplitude-phase characteristics of the system may also be 
obtained experimentally. Applying to the system harmonic oscil- 
lations (8.1) of defined frequency and with unit amplitude, we 
record, oscillographically, the steady state oscillation of the regulated 
quantity s. From the oscillograms we find the amplitude A and 
the phase @ for the given frequency w. This gives one point of graph. 
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Carrying out similar measurements at other frequencies, we obtain 
several points which are then joined by a smooth curve (Fig. 50). 

In determining the amplitude-phase characteristic the amplitude 
of the input quantity has been taken as unity. If this amplitude 
has some other magnitude a the amplitude of output oscillations 
will be Aa, where the quantity A is taken from the amplitude- 
phase characteristic (Fig. 50). 


Other frequency characteristics. Above were obtained the relation- 


ships 
Ala), Blo), Ula), Vio) 


which in concrete calcwatıons will have indices f or y depending 
on whether the forced oscillations of the system arise from pertur- 
bations f in the regulated object or from the input force y on the 
regulator. These relationships may also be separately represented. 
(Fig. 51). The first is termed the amplitude-frequency characteristic 


(aha (b) i£ 
7 f ECES 
ann 
A (d) 4 


Fie. 51 


or resonance curve, the second the phase-frequency characteristic, 
the third the real frequency characteristic and the fourth the imagi- 
nary frequency characteristic. They are also used in the theory of 
regulation. 

These frequency characteristics (Fig. 51) express individual pro- 
perties of the steady-state forced harmonic oscillations of the system 
while the amplitude-phase characteristic (Fig. 50) joins them all 
in a single graph. 

In a number of calculations the logarithmic frequency character- 
istic, which represents the same graphs of dependencies A({w) and 
B(w) as before, but in a logarithmic scale, is employed. This gives 
a certain computational convenience (Section 20). Here the quantity 
logw is always taken as the abscissa. Along the axis of ordinates 
in the phase-frequency characteristic the phase B is plotted in degrees 
or in radians, while along the axis of ordinates of the amplitude- 
frequency characteristic the quantity 20logA is plotted, the unit 
of which is termed the “‘decibel’’ (dB). 
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Stationary error of a system with sinusoidal force. For a pertur- 
bation f = asin œt the stationary dynamic error of the system will be 


Aca = Ajasin (wt + By) , 


where A, and {, are defined from the corresponding amplitude-phase 
characteristic of the given closed loop regulation system. 

For an input force y = asinwt to be reproduced by the system 
in the form 2, = kasinot (frequently k, = 1), the stationary dy- 
namic error will be 


Aca = -A,asin (wt + 3,)— kasin wt , 


where for convenience of calculation this is characterised by both 
error in amplitude and the error in phase 
Aa = fr 100% and  Ag= by, 

where A, and §, are defined from the amplitude-phase characteristic 
of the given closed system. 

Forced oscillations of a system with arbitrary external periodic force. 
An arbitrary (single-valued and piecewise continuous) periodic 
function f(t) may be expanded in the Fourier series 


oo co 
f(t) = ay + > arcoskod+ Y brsinkod , (8.19) 
kai ka 
where «, is the frequency of the fundamental harmonic and ao, ay, bx 
are Fourier coefficients 
2m 27T 


Qo 


oo 
d% = f(t)dt, a= Pal f(t) cos keptdt , 
0 


0 


z (8.20) 
by = S f {Wsinkoddt. 
0 


Using (8.7), we pass to the complex notation for harmonic oscilla- 
tions (8.8) and thus in place of (8.19) and (8.20), obtain the complex 
form of the Fourier series 


+00 
f(t) = Y Epro, (8.21) 
k 


=— OO 


where 


2r 

o 2 

m=z | f(t) e-teootas . (8.22) 
0 


Qn 
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Let this expansion be given so that E, and œ are known for 
an external periodic force f and a given amplitude-phase charac- 
teristic of the system W,(tw) (Fig. 50). Then, if the system is stable, 
the steady-state forced oscillations “at the output” of the system 
for the input component Epee will be Wy(ike,)E,e%o!, Conse- 
quently, in the total steady-state forced oscillations at the output 
of the system there will be 


+00 
w= >) E,W, (ike) eo; (8.23) 
k= —00 

the amplitude A, and phase 6; of each component is found, as shown 
in Fig. 50, at corresponding points w = kw,, where the value of 
the amplitude A, taken from the graph, should be multiplied each 
time by the corresponding value of the coefficient Ey. Since in Fig. 50 
aS w—>oo (ie. k—>oo) we have A-—0, it is frequently possible in 
practice to take a small number of terms in (8.21) and (8.23). To 
negative values of w there correspond the same amplitudes A, as 
for positive w, but with opposite sign of phase 8. 


9. Non-linear systems 


Let the motion of a closed loop automatic system be described 
by a non-linear differential equation of general form (5.1). It is well 
known that individual solutions of non-linear equations do not have 
the superposition property. Therefore, it is not possible here to add 
the particular solutions of the inhomogeneous equation to each other 
and they cannot be added to the solution of the homogeneous equation 
as was done for the linear systems. Thus, for each form of the right- 
hand side it is necessary to solve a new (5.1). 


Regulation process for f = const and y = const. Let us consider 
the simplest case when the external conditions (perturbations and 
input force) are characterised by constant values f = f? (constant 
load) and y = 4° (constant adjustment). Then all dérivatives of f 
and y with regard to time will vanish and the differential equation 
of motion (5.1) takes the form 

F, (e, z, mee) = Ff, 0, ..., 0; y°, 0, ..., 0). (9.1) 

The solution æ(t) of this equation defines the regulation process 
fo = const and y = const. It may also be divided into steady state 
a(t) and transient q(t) components. The steady state response 2°(t) 
is defined as the solution of differential equation (9.1) for such 
specially selected initial conditions which give the solution defined 
stationary properties. Such a solution, in contrast to the solution 
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of the same equation for arbitrary initial conditions, is termed the 
particular solution of the non-linear equation. After this the transient 
response m(t) is defined as the difference 


ay = (t) = w(t) —a%t) . (9.2) 


The steady-state response is thus defined (in the above sense) 
as a particular solution of the non-linear differential equation of 
motion of the system. The steady-state response in non-linear systems 
has a number of specific properties in comparison with linear systems. 
In the linear system under the condition f = const and y = const 
the steady-state response is defined by a constant value <° by (7.15), 
where to each pair of values f°, y? there corresponds a completely 
defined unique value of the regulated quantity 2°. In contradistinction 
to this in the non-linear system there may occur multi-valued 
steady-states. 

Firstly, to each pair of constant values f°, y° there may correspond 
not only one but two or several or even a whole region of constant 
values f° of the regulated quantity. In other words, the non-linear 
system may have not one but a whole region of possible equilibrium 
states. Secondly, for constant values f° and y° it is possible, in addi- 
tion, to have a periodic solution 2°(t) of the non-linear differential 
equation (9.1), i.e. for constant external conditions f = const and 
y = const the non-linear system may have an oscillatory steady- 
state 2°(t) with constant frequency and constant amplitude, where 
it is possible to have a constant component in this process, i.e. 


w(t) = awe + alt) , (9.3) 


where æo is the constant and 2{(t) the oscillatory periodic solution. 

Of course, these properties will not occur in every non-linear 
system, but they are possible only in non-linear systems. Since 
these properties are encountered in practice in real automatic 
regulation systems, it is not possible in practical calculations to 
remain within the limits of the linear theory of regulation since 
the latter is not capable of determining these important properties- 

Both cases noted, 2° = const and æ = a(t), will be considered 
in detail separately for f = const and y = const. 

Steady state with constant value of regulated quantity (equilibrium 
state). To determine the possible steady-state values of the regu- 
lated quantity «° for given f° and y° we shall write (9.1) in the 
form 

F2, 0,..., 0) = F,(f?, 0, ..., 0; Y’, 0,..., 0). (9.4) 


This is an algebraic equation. It is well known that to the extent 
that it is not linear it may have not one but a large number of solu- 
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tions for æ. But we are not interested in all solutions, only in real 
ones. If (9.4) has several real solutions then, consequently, in general, 
several equilibrium states are possible in the given system. Which 
of them will really exist depends on their stability and on the width 
of the band of values 2° which may actually occur in the given system. 
Most frequently for concrete objects and regulation systems 
relationship (9.4) is not given analytically but in the form of graphs 
of various static load and other characteristics which do not alter 
the matter essentially. 
‘The magnitude of the static error of a non-linear system is defined 
by the difference 
Ag = 2 — 2, (9.5) 


where 2, is the nominal value of the regulated quantity which is 
to be realised in the given system. 

If in the non-linear system the characteristic of any non-linear 
branch circuit has a zone of insensitivity +b (Fig. 34, c, d, e, g and 
curves 2 and 5 in Fig. 24), this circuit does not transfer the signal 
applied to it as long as it does not exceed the value b in absolute 
magnitude. Consequently, in such non-linear systems there exists 
a certain zone of possible steady-state values of the regulated 
quantity «°. The regulator will be in equilibrium when the regulated 
quantity takes on any value inside this zone. The presence of dry 
friction has an analogous effect. This situation introduces an addi- 
tional static error. In this case we have 


Ag = 2 — 2p + Az’, (9.6) 


where 2 is the steady-state value of regulated quantity calculated 
for the mean position of the system within the zone of equilibrium 
states, while Ax? is an arbitrary deviation from this value (positive 
or negative) in the limits of this zone. 

Periodic solution, self-oscillation, transients. If the steady-state 
response is defined by a certain constant value of the regulated 
quantity 2° for constant f° and y°, then, substituting in (9.1) 7 = 2°+- 
+4,(t) and subtracting from it termwise (9.4), we obtain a homo- 
geneous non-linear equation 


dx, a"z, 
F, (ata, a ; gee —F,(a°,0,...,0)=0, (9.7) 


defining the transient q(t), where the quantity æ is considered already 
known from (9.4). For this and the initial conditions we should 
from (9.2) assume Zy = %—20- 
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If a steady-state oscillatory process (9.3) is possible in the system 
for constant f and y°, it is defined from (9.1) by the differential 
equation 


dx? dah 
FOE aa, TE = FAP, O, 4 03 Y, Oy anas 0), (9.8) 


where the constant component xe by analogy with (9.4) may be 
defined by the equation 


F,(22,0,...,0) = FAP, 0, ..., 0; y°, 0, ..., 0). (9.9) 


Subtracting this from (9.8), we obtain the homogeneous differential 
equation for determining the periodic solution in the form 

dat. d'a? 
dt? at 
where x? is defined from (9.9). 

From a comparison of (9.10) and (9.7) it is evident that the steady- 
state periodic response in the non-linear system for constant f°? and y® 
may be defined as the particular solution of the equation of the 
transient response (9.7). It is therefore expedient to proceed as 
follows: on the basis of (9.4) find the equilibrium state and obtain 
the equation of the transient response, (9.7), and then determine 
the possibility of a periodic solution 2}(t) of this equation. 

If a periodic steady state process x,+ a(t) is found, the transient 
of its establishment will be a(t) = #(t)—a—az(t), where a(t) is 
a solution of (9.1) for arbitrary initial conditions. 

In all cases the transient includes the transient dynamic error 
of the system 





F, (at + xe, 





F, (ets, ) Fue, 0,...,0)=0, (9.10) 


Awa = nlt), (9.11) 
while the steady-state periodic process contains the stationary 
dynamic error of the system 


Asa = To + TRl) — Tn « (9.12) 


In linear systems the steady-state periodic response was possible 
only in the presence of an external periodic force f(t) or y(t); the 
stationary periodic dynamic error was related to this and undamped 
self-oscillations with constant amplitude were possible only as the 
limit of stability of the system, Section 7. 

In non-linear systems a stable periodic process is possible—a stable 
oscillation of the system with defined amplitude in the absence of 
external periodic forces (f = const and y = const). Such oscillations 
are termed self-oscillations. In a number of non-linear systems, 
most frequently of relay type, the self-oscillatory regime is the 
fundamental steady-state operating condition of the system. Such 
systems are termed self-oscillatory systems. The frequency and 
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amplitude of self-oscillation are determined by the parameters of 
the system. They may also depend on the magnitudes of f° and y’. 

The possibility of self-oscillations is one of the important prop- 
erties of processes in non-linear systems (in distinction from linear), 
which are widely utilised in engineering. Transients in non-linear 
systems may differ very strongly from those in linear. It is important 
that here the general character of the process (its convergence and 
divergence, monotonicity and oscillatory character) may depend 
to a strong degree on the initial conditions, where the frequency 





Fig. 52 


of attenuated or increasing oscillations varies with amplitude. Conse- 
quently, a case may occur where for small initial deviations the 
transient process diverges, while for large, converges (Fig. 52a), 
or vice versa (Fig. 52b), remaining always oscillatory. Cases may be 
encountered where for some initial conditions the process is oscilla- 
tory, while for others monotonic (Fig. 52c). The pattern shown in 
Fig. 52d is also possible; here for small initial deviations the process 
converges, for “medium” diverges and for large again converges. 
More complicated cases may occur of substantial variation of the 
character of the transient response with change in magnitude of 
deviation. 

In addition, there may exist so-called almost-periodic processes, 
which are undamped but do not have a defined period. 

Processes with variable external forces. We have considered above 
processes for constant values of f° and y°. Even these are quite varied 
in non-linear systems. It is natural to expect that the possible types 
of processes will be even more varied in the presence of variable 
external forces f(t) and y(t), for example, forced oscillations of the 
system with perturbations /(¢) = asin wt, following with constant 
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velocity or with constant acceleration for input forces y(t) = wt for 
y(t) = 27/2 respectively, following a sinusoidal input force y(t) 
= asinet . 

In these cases the general process of regulation x(t) is defined 
by the solution of a non-linear equation of type (5.1) with corre- 
sponding substitution of the given f = f(t) and y = yt). The steady- 
state response f(t) is defined as the solution of the same equation 
for those specially selected initial conditions which lead to a solution 
having a definite stationary property (particular solution of the 
non-linear equation). The transient response is defined as the differ- 
ence m(t) = x(t)— a(t). Here, as before, there will exist transient 
Ava = a(t) and stationary As = 2°(t)—a9(t) dynamic errors of the 
system. However in their definition more detailed account must be 
taken of the possible characteristics of the processes. 

For a given variable force f(t) or y(é), as in the case of constant 
forces, a non-unique steady-state process is possible, i.e. for a given 
input perturbation function the non-linear differential equation may 
have several steady-state solutions 2(t) (for example, several periodic 
solutions and almost-periodic solutions). Self-oscillations of the 
system may also be superimposed on the process of following with 
constant velocity. For change in initial conditions as well as in 
change of amplitude of the external force on the system it may 
pass discontinuously from one oscillation frequency to another and 
in an even more substantial form change the general character of 
the response. 

All the above circumstances should be considered in investigating 
non-linear systems. But this does not mean that all non-linear 
systems must have all these properties. A number of non-linear sys- 
tems of automatic regulation have for defined conditions proper- 
ties close to linear, differing from them only quantitatively. 

Finally, it is necessary to remark that in non-linear systems, as 
in linear, there occurs an additional dynamic error of a random 
character Aag as a result of additional perturbations Af(t) and noise 
Ay (t). 

Stability of non-linear systems. In connection with the above 
characteristics of non-linear systems the concept of stability cannot 
here be defined as simply as was done for linear systems (Section 7). 
In purely linear systems a transient either attenuates to zero or 
diverges to infinity for arbitrary initial conditions (excluding the 
boundary of stability itself); therefore, the question of stability was 
solved by considering only the signs of the real parts of the roots 
of the characteristic equation, i.e. by a relationship among the 
parameters of the system, independently of the initial conditions 
and the external forces. 
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In non-linear systems the existence of attenuation or divergence 
of the process depends, firstly, on the initial conditions as well as 
on the parameters of the system. Secondly, the process may not 
attenuate to zero or not diverge to infinity, but may be accompanied 
by a complex variation of the general character of the process. 
Thirdly, non-uniqueness of the steady-state may occur both in the 
absence of external forces and in their presence. 

It is necessary to distinguish asymptotic and non-asymptotic 
stability*. In further discussion we shall employ the following 
concepts. 

Asymptotic stability is a case where for initial conditions lying 
in a certain region (a < No, tot < hy Ëo < Nay -y De < Na) 
a transient attenuates to zero: m(t)—>0 as t->oo, 

If under initial conditions lying in a certain region the transient 
does not attenuate to zero but the deviation remains for all time 
sufficiently small x(t) <€ for t <t <œ non-asymptotic stability 
in an infinite time interval occurs. 

Finally, if for initial conditions lying in a certain region, it is 
established that the transient has the property x(t) < £ for to St < t, 
this is a non-asymptotic stability in a finite time interval. 

Let us consider certain illustrations. 

If the response of the system has the form shown in Fig. 52a 
the equilibrium state (7 = 0) may be considered unstable, or non- 
asymptotically stable if the quantity a is sufficiently small. In 
this case, when both oscillations shown in Fig. 52a asymptotically 
tend to the same amplitude and to the. same frequency, the system 
will have two steady states: (1) a constant value of the regulated 
quantity (x° = 0); (2) self-oscillatory with amplitude a. The former 
is unstable (the transient response about it diverges), while the 
latter is stable (the transient response converges from both sides 
to a self-oscillation with amplitude a). 

In Figs. 52b and c we have cases where the equilibrium state 
(x° = 0) of the system is stable “in small”, i.e. for initial condi- 
tions not taking the deviation in the transient beyond the magni- 
tude a, and unstable “in large”, i.e. with initial conditions taking 
the deviation and the transient beyond the limits of the magni- 
tude a. Here the limit may be a periodic self-oscillation of the system 
with amplitude a. However, here it is unstable, since the transient 
response about it diverges on both sides (in distinction to the stable 
self-oscillations in Fig. 52a). 

In Fig. 52d three possible steady-state cases are shown: (1) an 
equilibrium state (x° = 0); (2) oscillation with constant amplitude 4,; 


* Liapunov’s definition of stability will be given in Section 10. 
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(3) oscillation with constant amplitude a,. Then the oscillations 
with amplitude a, are unstable. As a result the system will be stable 
“in small” with regard to the equilibrium state 2° = 0, while “in 
large” the system has a stable self-oscillation with amplitude a. 

To the extent that non-linear theory considers large deviations 
of the variables and that real systems are always non-linear it is 
particularly important here to emphasise the following circumstance. 
In theory, certain non-linear equations and the properties of their 
solutions are studied for defined non-linearities. But these equations 
themselves are always composed with certain assumptions idealising 
the actual system. Therefore, the results obtained from non-linear 
theory will be valid not for arbitrarily great deviations but for 
definite bounds within which the equations of the systems are valid 
and only to the extent that the real character of non-linearity is 
fully reflected in them. To this is frequently added a necessary 
incompleteness of solution due to the difficulty of solving non- 
linear problems. 


Linearised systems. As already noted, ali real automatic systems 
are more or less non-linear as it is difficult to imagine a system 
in which the characteristics of all circuits in all states of operation 
of the system will be ideally linear. But the calculation of a linear 
system is always substantially simpler than non-linear. Therefore, 
in all cases where it is practically possible, we try to substitute for 
a non-linear differential equation of a real system (5.1) an approxi- 
mately linear one (5.6)*. 

Such linearisation of the non-linear equations of the system assumes 
that in the given concrete process to be calculated all variables in 
all circuits of the system vary in such manner that the operating 
portions of the characteristics of each circuit may be substituted 
by an approximately straight line. Of course, this is not always 
possible. 

For the majority of real automatic systems it is found that calcula- 
tions of the steady-state must be carried out in non-linear form, 
as described in this section, taking fully into account the real non- 
linear characteristics (at least for the regulated object)t. 

The calculations of transient responses and dynamic errors may 
frequently, but not always, be carried out on the linearised differen- 
tial equations of the system since they usually include small sections 
of the characteristics. However, certain automatic systems (for 
example of relay type or with dry friction, saturation, hysteresis, 
etc.) should be considered as non-linear even in the transient. 


* A detailed discussion of this operation will be given in Chapters V and VI. 
t See examples in Chapter VI. 
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Example. Let us examine the transient response and self-oscilla- 
tions in the relay system for automatic temperature regulation, 
shown in Fig. 27. For this, we first construct the equations of the 
regulated object and the regulator. 

Let the regulated object be some chamber of mass m and specific 
heat c, the surface area of the chamber S and the coefficient of 
heat emissivity «. The equation of thermal balance at an arbitrary 
moment of time with heating power q will be 


medd + Sabdt = qdt, (9.13) 


where 0 is the deviation of the chamber temperature from some 
nominal value. The heating power q depends, firstly, on the position 
of the regulating organ č (for example, the damper) and, secondly, 
on various external thermal forces on the chamber f(t) independent 
of the system considered, i.e. 


q = — ké + f(t) . (9.14) 


Substituting this in (9.13) and dividing through by Sadt, we 
obtain the equation of the regulated object in the form 


dð 
Tig t O= hth, (9.15) 
where we put 
_ me aoe — fit) 
=F bag AOs (9.16) 


With movement of the tip of the bimetallic plate [2] (sensitive ele- 
ment of the regulator, Fig. 27) the control circuit of one of the relays [3] 
is closed, applying d.c. voltage to one of the field windings of the 
electric motor [4]. Taking into account some delay in this switching 
process we obtain here a relay characteristic of form 7 (Fig. 24). 
Further, considering roughly that the motion of the end of the 
bimetallic plate [2] is proportional to the deviation of the object 
temperature 0, while the velocity E of motion of the damper [5] 
(regulating organ) is proportional to the voltage on the field windings 
of the electric motor [4], we may in this case consider the output 
quantity in the given relay characteristic proportional to & while 
the input to 6 (Fig. 53a). The origin of coordinates of the characteristic 
0 = 0 corresponds to some nominal temperature of the object for 
which the bimetallic plate is in the neutral position. 

This relay characteristic determines in the first rough approxi- 
mation the operation of the given regulator. In particular, for arbi- 
trary oscillations of object temperature (Fig. 53b) the regulator will 
switch the rate of motion of the damper & for deviation of tempera- 
ture 0 = —b when the temperature is reduced, and for 0 = +6 
when it is increased (Fig. 53c and b), where the quantity b is given 
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by the characteristic (Fig. 53a). Consequently, the equation of the 
regulator is written: 

E= +e with 0> +b 
E=-—e with @< +b 
E= +e with 0 > —b 
= —e with @0<-—b 


, when 6>0, (9.17) 


\, when 6<0. (9.18) 
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If we consider the transient and the self-oscillations of the system 
for constant value of external force (f, = 0), the equation of the 
regulated object (9.15) becomes ` 


dð 
Tg +8=—hE. (9.19) 


Consider two arbitrary sections of the transient process in the 
given system (sections AB and BD in Fig. 53b). 

In section AB the equation of the regulator in accordance with 
Fig. 53c will be É = +c. Differentiating (9.19) with respect to ¢ and 
substituting È = c, we obtain the following equations of the regula- 
tion system in the section AB: 


dð 


T3448 =— kc, (9.20) 
Similarly, for section BD 
7,2 +6= +h e. (9.21) 
dt 
The solution of (9.20) will be 
t 
6=Ce Tke, (9.22) 
from which we obtain 
t 
=—T,0e T—ket+C,. (9.23) 


We shall agree for the sake of simplicity to read time ¢ from the 
origin of section AB (Fig. 54a). Then the initial conditions will be 


6=+b, 6=6, at t=0, 


82 The Dynamics of Automatic Control Systems 


where 6, is as yet unknown. Employing the initial conditions, we 
find the arbitrary constants for (9.23) 


C= ĝa +ke, C,=b4T7,C,. (9.24) 


Similarly, for the section BD from (9.21), also reading the time t 
from the start of this segment (Fig. 54b), we obtain the solution 


t 
Ò = Cie Ti+ke, 


t l-4 
@=—TCle Ti + kot+ 0, | (9.25) 


0 =bs—ke, @=—b+T,C}. 


(b) 182 
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All remaining sections of the curves of the transient response 
obviously will be defined by the same solutions as (9.22)-(9.25), 
but only with other numerical values of the quantities C,, C2, 64, 
Ci, C3, Ôg. We note that the quantities 6, and Ôp, necessary to 
determine the arbitrary constants, are found as values of 6 at the 
ends of the preceding sections. Therefore, if the value of 6 be given 
at the initial point of the first section of the process, the entire above- 
described solution for the transient response of the system will be 
defined. Such a method of solving the problem is termed the method 
of matching solutions. 

We shall now determine whether self-oscillation is possible in 
the given system, i.e. a stable periodic solution. For this it is neces- 
sary, obviously, that at the end D of the first period of oscillation 
(Fig. 53b) there be obtained exactly such values of 9 and 6 as existed 
at its start A. It is easy to see from symmetry that then both half- 
periods (AB and BD) should be the same (Fig. 53a). Therefore, to 
determine self-oscillation it is sufficient to consider only a single 
segment AB and require that 

6p = —64. (9.26) 


Denoting the period of the self-oscillations sought by 2T and the 
duration of the segment AB, consequently, by T, from (9.22) we find 


ZE 
bp = Ce Tı— kye . 
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Substituting in this (9.26) and remarking that from (9.24) 64 = C,— 
—k,c, we obtain the expression 


T 
C(l+e T3) = 2k, (9.27) 
in which there are two unknowns, C, and T. The quantity T (duration 
of the segment AB) may be expressed from (9.23), since it is known 
that at the end of the segment 0 = —b. From (9.23) and (9.24) 
we find 
T 
T,C(1—e T3) = keT— 2b. 
Substituting in this the value of C, from (9.27), we obtain the 
equation for determining the half-period of self-oscillation 


i 
l-e% T b 
-T OT, ke? 
l+e Ti 1 1 1 
or 
T T b 


(9.28) 


OT, 2T, ket’ 
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This transcendental equation for T is easily solved graphically 
(Fig. 55) by the intersection of the two curves 


T 
y= tanh aT, 
and 
T b 


aor, kor, 

The fact that we have found a real positive value for T indicates 
the presence of a periodic solution in the given system. To prove 
that this corresponds to self-oscillation it is necessary to investigate 
its stability, i.e. to prove that the system responds to the transient 
as shown in Fig. 52a but not as in Fig. 52b. This will be proved 
below in Section 10. 

The amplitude of the non-linear self-oscillation is defined as Omax 
on the section AB (Fig. 54a) by testing the function (9.23) for a maxi- 
mum in the usual manner. 


7 
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10. Representation of responses using phase trajectories 


It is well known that the nth-order differential equation (5.1) 
may be transformed to a system of n first-order differential equations 
of the form 

da, 


-i Pillay Way s Bay Ay Y), 

dr. 

i T Plo My ees as f, Y), (10.1) 
din 


with initial conditions 
£i = Lio; La = Ly -3 Bn — Eng at t=0, 


where £i, %,...,% are variables constituting required functions of 
time, and a, may denote the regulated quantity, while a,,..., Za 
are auxiliary variables and f and y are the perturbation and input 
forces. 

An nth-order linear equation (5.2) is similarly transformed to 
a system of n first-order linear differential equations of the form 


dz 
ap = Ay Ly + kiela +.. H Gintant Pl, ¥) » 


dz 
i = gy Ly + alt +... + antn t+ Pal, Y), 


(10.2) 


ig T Onat Onat +... + Annn + Palf, Y). 
It is possible to return to the previous equations (5.1) and (5.2) by 
elimination of the variables 2, ..., %» from (10.1) or (10.2) respectively. 
To obtain the equation of the transient in a linear automatic 
regulation system salt) = a,(t)—ag(t) (i= 1,2,...,”) for given 
f= f(t) and y = y(t), we write the equations of the steady-state 
dai ET 0 o o 
u an2 + agl + -+ amTr t+ Olf; Y), 
o 


dz 
a = Gy, T) + agta +... + Bont + Pafs Y) » 


oO 


“Be meat Ayala +. + Annn t Pal, Y) 
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and subtract them from (10.2). As a result we obtain homogeneous 
differential equations of the transient in the form 


ary 
u Oy, Dye t liz Lay + ... + ainTni y 


dr 

ZA = gy U14 + Bog Log +... + Bon Lat , (10.3) 
az, 

a = Am Lu t Aniu +... + Onn Tnt - 


We proceed similarly when obtaining homogeneous equations of 
the transient response of the non-linear system, which gives 


dx D, 
= (Tit, Loty ...} nt) 2 | 

aa. g£. 0 4 
2t Y (ait, Taty s3 ni) , | (1 . ) 


= = XplTit, Lat, ---, Lat) ; ] 
where 
Xu, Loe) -3 Era) = D(L + T1, Ly + a2 «.. 
cy Ont +28, f YDD, Da, ..., 28, Y) (i =1,2,..., 0). 
In all cases the initial conditions should simultaneously be trans- 


formed as well 
0 0 0 
Liot = Lio — Tio, Looe = Too — T20; --- 5 Lnot = Vno — Lng - 


Phase apace. For example, in (10.3) or (10.4) let n = 3 (a third- 
order system). The variables Tu, £u, 724 here may have arbitrary 
4,7 
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physical significance. But it is possible to conceive them con- 
ventionally as rectangular coordinates of some point M (Fig. 56a). 

In a real regulation process at each moment of time the quantities 
Zit, Cy, Lu have completely defined values. These correspond to 
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a fully defined position of the point M in space (Fig. 56a). In the 
course of time in a real process the quantities a, £a, Xa vary in 
a definite manner. This corresponds to a defined motion of the 
point M in the space over a defined trajectory. Consequently, the 
trajectory of the point M may serve as a convenient geometric 
illustration of the dynamic behaviour of the system in the transient 
process. 

The point M is termed the generating point, its trajectory is 
termed the phase trajectory and the space (Sit, Lo, Xg) is termed 
the phase space. 

Since the derivatives with regard to time of the coordinates of 
the point represent the projections of its velocity on the coordinate 
axes, the differential equations of a system in the forms (10.3) and 
(10.4) represent the expressions for projections of the velocity ~v 
of the generating point M (Fig. 56a) on the coordinate axis. Conse- 
quently, from the values of the right-hand sides of (10.3) or (10.4) 
it is possible at each time to determine the direction of motion of 
the generating point M and together with this the behaviour of 
the corresponding real system in the transient process. 

The initial conditions of the process (Sior, Voor, Vax) define the 
coordinates of tlie initial point of the phase trajectory M, (Fig. 56a). 

If there are only two variables X and Xx (a second order system), 
in (10.3) or (10.4), the generating point will not move in a volume 
but in a phase plane. 

If there is an arbitrary number of variables n > 3 (an nth-order 
system the phase space will not be three-dimensional but n-dimen- 
sional. 

Thus, the phase space and phase trajectory represent only a geo- 
metric image of the dynamic processes occuring in the system. 
In this geometric representation the coordinates take part, while 
time is eliminated. The phase trajectory itself is only a qualitative 
representation of the behaviour of the system. To determine a quanti- 
tative position of the generating point (and thus the state of the 
system) at an arbitrary moment of time, it is necessary to find 
the solution of the given differential equations (10.3) or (10.4) with 
regard to time. 

The steady-state of the system is characterised by values 2, = £y 
=... = Um, = 0. Consequently, the image of the steady-state is 
the origin of coordinates of the phase space. 

From this it follows that the phase trajectory of a stable linear 
system will asymptotically approach the origin of coordinates with 
unlimited increase in time. The phase trajectory of an unstable 
linear system will diverge without limit from the origin of coordi- 
nates. 
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For a non-linear system, as a result of a number of the properties 
noted in Section 9, the phase trajectories may take on the most 
varied patterns. If there exists asymptotic stability for a definite 
circle of initial conditions, all phase trajectories which begin within 
the defined region y surrounding the origin of coordinates of the 
phase space (Fig. 56b) will asymptotically approach the origin of 
coordinates. If the stability is non-asymptotic, the phase trajectories 
beginning within a defined region y about the origin of coordinates 
of the phase space may have arbitrary patterns but will not emerge 
beyond the limits of some defined region £s, surrounding the origin 
of coordinates (Fig. 56b). 

Formulation of Iiapunov’s concept of stability. An unperturbed 
motion (in our terminology a steady-state process) is termed stable 
if for a given arbitrarily small region € (Fig. 56b) it is possible to 
find such a region y that for initial conditions located within these 
regions the perturbed motion (here, the transient response) will 
be such that the generating point does not emerge from the region e 
for arbitrarily large value of time t. 

In analytic notation the formulation of Liapunov’s stability 
concept will be as follows. The unperturbed or steady-state motion 
will be stable, if for a given positive arbitrarily small number e 
it is possible to find such a positive number y (dependent on the 
given e), that with initial conditions 


ltal << = (6 = 1, 2, ..., n) (10.5) 


the solutions of the differential equations of perturbed motion 
(transient process) (10.4) will satisfy the inequalities 


|rx(t)|<e (¢=1,2,..., n) 


for arbitrarily large t. 

For this analytic statement let us consider a geometric image 
in the phase space. It is obvious that limiting the initial conditions 
in each coordinate by inequalities (10.5), we obtain a cube wita 
side 2y, within which should lie the initial point of the phase tra- 
jectory Mo(Xr01, Loot, -+s Znaor). It is easy to imagine such a cube in 
a three-dimensional space (n = 3); this term “cube” is extended to 
n-dimensional space; in the phase plane (n = 2) it becomes a square. 
Similarly, the other inequalities denote geometrically that the 
phase trajectories should not emerge from the cube with side 2e. 
Consequently, for the analytic notation of Liapunov’s stability 
concept the regions 7 and e in Fig. 56b have the forms of cubes. 

Liapunov’s formulation includes the requirement of an arbitrary 
smallness of these regions. However, in practice this definition and 
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Liapunov’s theorems, which we shall encounter in Section 57, are 
applicable even when these regions have defined finite dimensions. 

We note that in Liapunov’s theory the deviations of all variables x, 
in the transient regime are termed “perturbations” while their 
initial values a are ‘initial perturbations”. In the present book, 
however, these terms will not be used to avoid confusing them 
with the perturbations acting on the system f(t). 

Phase trajectories for ordinary linear systems. To obtain a clear 
general concept of the description of the behaviour of an automatic 
regulation system using phase trajectories, let us plot them first 
for ordinary second-order linear systems, the general properties of 
which are widely known. This background will also permit a more 
extensive description of the properties of behaviour of non-linear 
automatic regulation systems. 

Let there be given some system, the transient response of which 
is described by a second-order equation 


G+a¢+aev=—0, (10.6) 


where v is the deviation of the regulated quantity in the transient 
and a, and a, constant coefficients expressed through the para- 
meters of the system (mass, inductance, resistance, gain factors, 
transfer factors, etc.). 

Let us introduce the notation for the rate of change of deviation 
of the regulated quantity y = ż. Then the equation of the system 
(10.6) is represented in the form 

el =—QY— ae , 
(10.7) 


a? 


(this operation is equivalent to transformation of (5.2) to the 
form (10.2)). 

Let us eliminate the time ¢ from (10.7), dividing the first of them 
by the second. We obtain 

Pa a2. (10.8) 

The solution y = (x) of this differential equation with a single 
arbitrary constant defines a certain family of so-called integral 
curves in the phase plane (x, y), each of which corresponds to a single 
defined value of the arbitrary constant. 

The solutions # = a(t) and y = y(t) of the differential equations 
(10.7) defining the transient response of the given automatic regula- 
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tion system may be considered as the parametric equations of the 
same integral curves in the phase plane (x,y) with parameter t. 

The initial conditions of the transient in the system: ® = £o, 
Y = Yo = È at t = 0 are defined by the initial position of the gener- 
ating point M,(z, Yo) in the phase plane. 

That integral curve which passes through this point M, will be 
the phase trajectory representing the course of the transient process 
in the automatic regulation system for the given initial conditions. 

The entire set of integral curves represents all possible phase 
trajectories, including all possible forms of the transient response 
in the given automatic regulation system for arbitrary initial condi- 
tions. 

Let us consider the various cases individually. To (10.6) correspond 
the roots of the characteristic equation 


2 
a 
n=- Ea 


where six cases are possible: 

(1) the roots are purely imaginary, with æ = 0, a, > 0 (limiting 
stability of the linear system); 

(2) the roots are complex and have negative real parts with 
a; < 4a,, a, > 0, da > 0 (stable linear system); 

(3) the roots are complex and have positive real parts with 
a; < 4a,, a, < 0, &a > 0 (unstable linear system); 

(4) the roots are real and negative with af > 4a,, a > 0, @ > 0 
(stable linear system); 

(5) the roots are real and positive with ai > 4a, 4,<0,a,> 0 
(unstable linear system); 

(6) the roots are real and have opposing signs for a, < 0 (unstable 
linear system), in particular one of the roots will vanish at a,=0 
(limiting stability of linear. system). 

Case 1. In the first case, as is well known, undamped oscillations 
are obtained. 





æ = Asin(ot +B), | 

y = è = wA cos(ot +B), f 

with constant amplitude A and initial phase 6, dependent on the 

initial conditions. Equation (10.9) represents the parametric equation 

of an ellipse with semi-axes A and wA (Fig. 57a), where from the 
initial conditions (® = x, Y = ¥ = 2 at t = 0) we have 


2 
2, _1 OT è 
a-y ger B= (=i). 


0 
To different values of the constant A there uniquely correspond 
different ellipses in the phase plane (a, y), as shown in Fig. 57a; 


o = Va, (10.9) 


90 The Dynamics of Automatic Control Systems 


to differing values of 8 correspond various initial positions of the 
generating point M,(x, Yo) on a given ellipse. Then, with increase 
in time t, the generating point M will move continuously over 
a given ellipse, which corresponds to an oscillatory process in time 
(Fig. 57b). In this it passes over the entire ellipse, returning to the 
previous position M, during a single period T = 27o. 
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Let us find the equations of the phase trajectories by elimination 
of the time ż. In the given case where a, = 0 and a, > 0, from (10.8), 
substituting a, = w?, we have 


or ; 
2ydy = —w*2rdz , 
which gives 
yt = — (ae A?) , 


where A? is an arbitrary constant. This may be rewritten in the form 


gè y? 
FE + Gap =T; (10.10) 
which represents the family of ellipses shown in Fig. 57a. 

The entire set of these ellipses (with 0 < A < oo) corresponds 
to all possible phase trajectories in the given system. Which of 
them will occur in reality is defined by the initial conditions, i.e. 
the initial position of the generating point M,(x,, Yo). In particular, 
for initial conditions x = 0, Y = 0 the generating point coincides 
with the origin of coordinates 0 of the phase plane (Fig. 57a) and 
it remains there for all time. This corresponds to a stable state of 
the system. 

Let us determine the velocity v of motion of the generating 
point M over the phase trajectory. Obviously, its projection on the 
coordinate axes will be 


an d 
=, y=, (10.11) 
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v= (Sys (Sy. (10.12) 


In this case, when a, = 0, a, = w’, from (10.7) and (10.9) we have 


and the modulus 


Vz = y = wA cos(at +p), 
vy = — wae = — wA sin (at +B), (10.13) 
v = VYF ate = Vi F ot. 

Thus, to a periodic oscillation of the system (Fig. 57b) there corre- 
sponds a motion of the generating point over a closed curve (Fig. 57a) 
with periodically varying velocity. 

Case 2. In this case (complex roots with negative real parts), 
as is well known, there occur damped oscillations 

= Ae-#sin (ot + ß), | 
y = % = yAe-* cos(wi +8 +5), 


(3) 
a= =) a 
(10.15) 


Y = ’ ò = tant = 


(10.14) 


where 


and the arbitrary constants A and @ are determined from the initial 
conditions: ® = o, Y = Yo = % at t=0. 

The values of z and y = # do not return after a period of oscillation 
to the previous values, but become smaller. This gives a curve 
(Fig. 58b) in the phase plane (7, y) which does not return to the 
previous point M, in a single revolution, but comes closer to the 
origin of coordinates. Equations (10.14) are thus the parametric 
equations of a family of spirals, asymptotically approaching the 
origin of coordinates (Fig. 58c), where to each value of the constant A 
there uniquely corresponds a defined spiral, while the constant 8 
corresponds to the initial position of the generating point M)(%, Yo) 
on the given spiral. Assignment of initial conditions (Zo, Yo) defines, 
consequently, the initial point M,, after which the generating point M 
with increase in time £ moves continuously over a given spiral as 
shown by the arrows in Fig. 58c, asymptotically approaching the 
origin of coordinates 0. 

Thus, to damped oscillations of the system (Fig. 58a) there corre- 
spond phase trajectories in the form of spirals, over which the gener- 
ating point approaches the origin of coordinates (Fig. 58c). 

The velocity v of motion of the generating point M over the phase 
trajectory is defined by the same general formulae (10.11) and 
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(10.12) where in the present case from (10.7) and (10.14) we have 


da d 
eH, Wa ayfa. (10.16) 


Case 3. This case (complex roots with positive real parts) corre- 
sponds to divergent oscillations (Fig. 59a). Proceeding as above, we 
obtain the set of all possible phase trajectories also in the form 





Fig. 58 


of a family of spirals, as in Fig. 58c, but the generating point will 
not move over them in the direction of the origin of coordinates 
but away from it (Fig. 59b). 

Thus, to divergent oscillations of the system (Fig. 59a) there 
correspond phase trajectories in the form of spirals over which 
the generating point diverges from the origin of coordinates. 

Case 4. This case (real negative roots) corresponds to an aperiodic 
process 


= Q e-t + Ce-o% 
ERE ae ed (10.17) 
y = zgr = — a067 — X06792 , 
where 
a y/o 
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In Fig. 60a are shown two possible types (curves 1 and 2) of the 
course of this process. It is easy to see that in the phase plane (a, y) 
this is represented by curves 1 and 2 respectively (Fig. 60b), since 
in the first variant for all time æ > 0 and y < 0, while in the second 





Fie. 59 


variant the signs of x and y each change once. The boundaries of 
regions 1 and 2 are the lines y = — a,x and y = —a, x obtained 
from (10.17) with « = 0 and a, = 0 respectively (vanishing of one 
of the roots). 





Fic. 60 


In contrast to the above, here all phase trajectories merge directly 
in the origin of coordinates 0 of the phase plane. However, the gener- 
ating point M does not arrive at the origin of coordinates in a finite 
time, as from (10.11) and (10.7) its velocity 


v =Y, YWra-ay—azn, (10.18) 


and the coordinates 7 and y themselves (10.17) decrease, asymptoti- 
cally approaching zero. 

Thus, to attenuated aperiodic responses in the system there 
correspond phase trajectories merging at the origin of coordinates. 
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Case 5. This case (real positive roots) also corresponds to an 
aperiodic response defined by the same equations (10.17) but with 
a, < 0 and < 0. Similarly we obtain the curves of the response 
and phase trajectories represented in Fig. 61. 


(a) 


~ 
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Case 6. In this case (real roots with differing signs) there also 
occurs an aperiodic response (10.17), where «, and «, have opposing 
signs, but the pattern of phase trajectories is different here. Since 
a, < 0, we substitute 

a = — Mz, 
where for simplicity of construction we consider the case a, = 0, 
which from (10.6) corresponds to an equation of the system 


z— œg = 0 
and from (10.8) to an equation of phase trajectories 
dy g 
dz = a y . 
Integration of the latter analogously to Case 1 gives 
Yr yP 
Nae 10.19 
C RET t i 
i.e. the family of hyperbolae represented in Fig. 62a. The velocity 
of the generating point (10.18) in this case will be 
mw=Y, Wa wn. (10.20) 


The directions of motion of the generating point M over the 
phase trajectories, shown in Fig. 62a, are easily defined in each 
quadrant of the plane from the signs of v, and vy since from (10.20) 
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the projections of the velocities v, have the same signs as the coordi- 
nate y while the projections of v, the same signs as the coordinate æ. 
The phase trajectory with initial position M,(a, Yo), shown in Fig. 62a, 
corresponds to an aperiodic response of the system, represented in 
Fig. 62b. 

Analogous patterns of phase trajectories are obtained in the 
given case for a, + 0. 


a gz) d 
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Thus, to divergent aperiodic responses in a system there corre- 
spond phase trajectories of the type of Fig. 61b or the type of Fig. 62a, 
where the generating point moving over them eventually diverges 
from the origin of coordinates. 


Singular points and singular lines. At points which correspond to 
stable states, we obtain from (10.8) the indeterminate expression 
a = —a,— a5 ’ 

i.e. indeterminate direction of the tangents to the integral curves 
(phase trajectories). Such points are termed singular points, classi- 
fied as follows: 

(a) singular points of the type of point O in Fig. 57a are termed 
centres; 

(b) singular points of type Fig. 58¢ are termed stable foci; 

(c) singular points of the type of Fig. 59b are termed unstable 
foci; 

(d) singular points of the type of Fig. 60b are termed stable nodes; 

(e) singular points of the type Fig. 616 are termed unstable nodes; 

(f) singular points of the type of Fig. 62a are termed saddles 
(saddles are always unstable). 

Aside from the concept of singular points there exists the concept 
of singular lines. This is important for non-linear systems. 

As has already been mentioned, real automatic regulation systems 
may be considered linear most frequently under the assumption 
of smallness of deviation of the variables from their values in a def- 
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inite stable state. In such cases the patterns of phase trajectories 
for linear systems constructed above with regard to real automatic 
regulation systems have force only within a defined bounded region 
about the singular point O (Figs. 57-62), corresponding to the stable 
states of operation of the automatic regulation system. The dimensions 
of this region are determined by the largest value of deviation 2 
of the regulated quantity from its steady-state value for which 
the characteristics of all circuits of the given system still remain 
sufficiently close to linear. This may be determined in practice for 
each concrete system, having given the characteristics of its circuits. 

Beyond the limits of this region, as a result of substantial deviation 
of the characteristics from linear, the pattern of phase trajectories 
may vary strongly and take on qualitatively different character. 

In particular, if from the linear theory the system is unstable 
and the process begins to diverge, it may be found that due to actual 
non-linearity of the characteristics it will not diverge without limit. 
The amplitude of divergent oscillations may increase only to a de- 
fined value and then remain constant, i.e. an unstable linear auto- 
matic system changes to a stable non-linear self-oscillatory system 
(the system “generates” stable oscillations of a definite form). 

The pattern of phase trajectories for such a system is represented 
in Fig. 63a. Here, close to the origin of coordinates, spirals are ob- 
tained as in the unstable linear system (Fig. 59b), but remote from 
it diverge not to infinity but approach asymptotically to some 
closed contour of bounded dimensions, as shown in Fig. 63a. To 
it also approach all spirals located outside the contour. This corre- 
sponds to the pattern of processes in time represented in Fig. 52a. 
Such a closed contour representing the most important case of 
singular lines in the phase plane in regulation theory, is termed 
a stable limiting cycle. 

A stable limiting cycle corresponds to a self-oscillatory system. 
The dimensions of the limiting cycle A and B (Fig. 63a) represent 
the amplitude of oscillation of the quantity v and the velocity of 
its variation y = ż. To determine the period of oscillation it is neces- 
sary to solve the equation with respect to time. 

To the case of a system stable “in small” and unstable “in large” 
(Fig. 52b) there corresponds the pattern of phase trajectories shown 
in Fig. 63b. The limit of initial conditions at which the system is 
stable most frequently has the form of an unstable limiting cycle 
in the phase plane (Fig. 63b), from which on both sides the spiral 
phase trajectories diverge. This, the second important type of singular 
line, defines a system stable “in small” and unstable “in large”. 

We note that in this case it is also possible to have a still more 
remote stable limiting cycle (Fig. 63c), corresponding to self-oscilla- 
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tions of large amplitude. This corresponds to the time processes 
shown in Fig. 62d. These fundamental qualitative changes in the 
pattern of phase trajectories for sufficiently large deviations may 
be observed for aperiodic processes (Figs. 61b and 62a), including 





Fig. 63 


their transformation into oscillatory and vice versa. For example, 
to the pattern of processes in time shown in Fig. 52c there corresponds 
the pattern of phase trajectories, Fig. 63f. 

Similarly, for systems existing, in accordance with linear theory, 
at the limit of stability (with purely imaginary roots), the pattern 
of phase trajectories shown in Fig. 57a may occur only close to the 
steady-state regime O. For large deviations, if the linearity of the 
characteristics of the system circuits is disturbed, the pattern of 
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phase trajectories will differ. One of the possible forms of variation 
of large deviation phase trajectories in this case is shown in Fig. 63d. 
Here, in addition to the singular point O of the type of a centre, 
there appear two saddles C, and C,, which leads, in fact, to instability 
of the system. But a stable limiting cycle can also occur. The singular 
lines of such types as C,A,C, and 0,4,0, (Fig. 63d) in the phase 
plane are termed separatrices (third type of singular line). Singular 
lines of more complicated form will not be considered*. 

Thus far we have discussed systems which for small deviations 
are considered as linear. But patterns are obtained in a completely 
analogous manner even for other non-linear automatic regulation 
systems, which even “in small’? cannot be considered as linear. 
Examples are provided by types of relay and other systems with 
insensitive zones, hysteresis loops, dry friction or backlash. It is 
interesting to note that certain of these systems may approximate 
linearity rather in ‘large’? than in “small” since the zone of insensi- 
tivity or the backlash is then small in comparison with the magnitude 
of deviation 2. 

In systems with insensitive zones and with dry friction there exist 
dead regions where, to the steady-state, for given external condi- 
tions (given load), there corresponds not a single point but an entire 
region of possible equilibrium states of the system. In the phase 
plane this is expressed by the singular point being drawn out into 
a singular segment (Fig. 63e). 

We note, finally, that the coordinates (#,y) of the phase plane 
need not necessarily indicate the deviation of the regulated quantity 
and its velocity, as was done above. For this purpose any two arbi- 
trary variables uniquely characterising the state of a second-order 
system at an arbitrary moment of time may be taken. 

Example. Let us represent in the phase plane the transient 
response and self-oscillation in the automatic temperature regula- 
tion system considered in Section 9. The coordinates of the phase 
plane will be , 

z=0 and y=ð. (10.21) 

To values Ô> 0 there corresponds the upper half-plane (Fig. 64), 
and to ĝ < 0, the lower. If Ò > 0, from (9.17) and Fig. 53a, the regu- 
lator is switched at 0 = +b (line EF in Fig. 64), if 6 <0, then at 
0 = —b (line GH). To the right of the switching line EFGH the 
system equation (9.20) is valid, to the left (9.21). 

Equation (9.20) in the notation of (10.21) takes the form 


dz a: 
Sg’ Tn +y=-he, 


* See A. A. Andronov and S. E. Khaikin [7}. 
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from which we obtain the differential equation of the phase tra- 
jectories 


dy 1 kc 
a T Ty (10.22) 
Integration gives 
æ = kcT,in|y+ke|—T,y+C,, (10.23) 


where 0, is an arbitrary constant. To each concrete value C there 
corresponds a definite curve in the phase plane. The family of curves 





corresponding to various values of O, is shown in Fig. 64 to the 
right of the line EFGH. These curves have asymptote y = —k,c. 
The direction of motion of the generating point over them, indicated 
by arrows, is determined from the condition y = dæ/dt, i.e. æ increases 
for y > 0 and decreases for y < 0. 

Equation (9.21) in the notation of (10.21) will be 


Ie ee ER (10.24) 





which has the solution 
v= — keTln ly—kye|—T,y4+ 0, (10.25) 


in accordance with which the family of phase trajectories to the left 
of the line EFGH is plotted (Fig. 64). 

As a result it is found that all phase trajectories diverge from the 
origin of coordinates and converge from infinity, i.e. a case similar 
to Fig. 63a occurs which signifies that there should be some stable 
limiting cycle. It is denoted by the thick line in Fig. 64. 

There will thus be observed in the given automatic regulation 
system a stable oscillation to which the transient converges from 
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both sides, i.e. for arbitrary initial conditions. Self oscillation is 
the only possible form of steady-state here, strict maintenance of 
constant temperature (0 = 0) is impossible. The amplitude of temper- 
ature oscillations in the given regulation system is represented in 
Fig. 64 by the segment a. The period of oscillation is found only by 
solving the equations with regard to time (Section 9). The halves AB 
and BD (Fig. 64) of the limiting cycle correspond to half-periods 
of oscillation AB and BD (Fig. 53b). 

The segment g (Fig. 64) represents the magnitude of the rate 
of temperature-change with oscillation; it is the magnitude (9.26). 
It is obvious that g < k0. 


CHAPTER III 


METHODS OF IMPROVING THE REGULATION 
PROCESS 


11. Static, astatic and oscillatory systems. Reduction of static and station- 
ary dynamic errors 


A discussion of various forms of errors in automatic regulation 
systems has been given previously; in this chapter we shall consider 
methods of reducing these errors. 

Static systems. An automatic regulation system (stable with 
regard to the steady-state with constant value of the regulated 
quantity) is termed static when in principle it does not permit 
maintaining a single value of the regulated quantity in all steady- 
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states, corresponding to various constant values of external per- 
turbation f° on the regulated object (with constant adjustment 4° 
of the regulator). In other words, a static system is a system which 
according to its operating principle has a definite static error. 

Static systems are thus characterised by the fact that the right- 
hand side of steady-state equality (7.15) or (9.4) for such systems 
contains the quantity 7°, as a result of which a definite relation 
between the steady-state value of the regulated quantity X? and 
the load f° is obtained (for example, in the form of the curve in 
Fig. 65). 

An example of a static system is the system for regulating engine 
velocity by direct action of a centrifugal regulator shown in Fig. 13. 
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In this case, the greater the steady state moment of the load M? 
on the engine shaft 1, the greater will be the required supply of 
energy, i.e. the slide valve 3 must open more. 

Consequently, 


E? = f,( Mf) . (11.1) 


But then the coordinate 7 of the position of the coupling of the 
centrifugal mechanism 2 must change since it is rigidly related to 
the coordinate & (with the arm), namely: 

no = ke. (11.2) 


This in turn may occur only when the weights 2 are lower, i.e. 
the angular velocity w? becomes smaller, since 


W = fo). (11.3) 
From (11.1), (11.2) and (11.3) we obtain: 
a = f,( M2) . (11.4) 


This means that the regulated quantity œ cannot in principle 
have a single value for all steady-state regimes of operation of this 
system; it will decrease with increase of the load moment Mf}. 

Thus, the regulation system shown in Fig. 13 is static and has 
a characteristic of the type of Fig. 65, where v, = w, f = M, The 
parameters of the centrifugal regulator should be here chosen so 
that the static error of the system 

0 0 
A, = a’ and 
Qn Dn 


does not exceed the permissible magnitude where w, is the required 
nominal value. 

The same result is obtained in the direct-acting rheostatic voltage 
regulator (Fig. 14) and Polzunov’s regulator (Fig. 9). In both these 
cases to steady-state values of the load Zi (load current, steam 
consumption) there correspond differing steady-state currents I? 
(field current, water feed), i.e. there exists a definite relationship 


D = f(T). (11.5) 


This is provided by varying the steady-state positions © of the 
regulating organ (rheostat contact, valve), i.e. 


Ti = fÉ’). (11.6) 


However in order that the regulating organ occupy differing steady- 
state positions, in Polzunov’s regulator (Fig. 9) differing positions 
of the float are required, and so differing steady-state values of 
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the regulated quantity H°. In the voltage regulator (Fig. 14) various 
steady-state values of tractive force of the electromagnet F$? are 
required for this purpose, since in the equilibrium state 


FL = Fi+F,, (11.7) 


where F,, Fe, Fu are respectively the forces of the electromagnet, 
spring and weight. The first depends on the voltage V and the position 
of the armature č, while the second is proportional to the spring 
extension (F, = c&). Therefore (11.7) may be written in the form 


FAV, &) = ch +F, (Fy = const) , (11.8) 
from which by virtue of (11.5) and (11.6) we again obtain: 
V° = fll), (11.9) 


which defines this system as static with a characteristic of the type 
of Fig. 65, where a, =V, f = Ip 

The system for regulating electric motor velocity with a rotary 
amplifier (Fig. 20) is also static since for large steady-state load 
on the motor shaft a large torque is required which requires a larger 
current in the armature circuit, i.e. 


Ta = fi( Mt) . 


But this may be provided only by a greater magnitude V? in the 
excitation circuit of the rotary amplifier, i.e. 


Ia = f,(V") . 


Then we obtain a smaller value of V? since V? = V;—V°. Considering 
the voltage of the tachometer, V? = kw’, we find on the basis of 
the preceding relationship 


o = fy Mt), (11.10) 
which is the criterion of a static system. 


Astatic systems. Automatic regulation systems (servo-systems) 
are termed astatic when in operating principle they permit maintain- 
ing single values of the regulated quantity at all steady-states of 
the system, corresponding to different constant values of external 
perturbation (load) f° on the regulated object (with constant adjust- 
ment 7° of the regulator). In other words, in an astatic system there 
is no static error connected with the magnitude of the load f°; however 
there may of course occur additional static error caused by non- 
linearity in the form of zones of instability or dry friction. 

Consequently, an astatic system should not have a dependence 
of the type of (11.10) or (11.9) between the regulated quantity and 
in the steady-state. 
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For this the right-hand side of the steady-state equation (7.15) 
or (9.4) should not contain the quantity 7°. In particular, the equations 
of the linear system (5.2) should not contain in the right-hand side 
a for f(t), i.e. we require bm = 0. 

There exist various methods of making a system astatic. We shall 
demonstrate here in simplified form four possible means using the 
examples of the rheostatic voltage regulator and centrifugal velocity 
regulator, two further methods will be given below, in Section 12 
and Section 14, and similar methods can be adopted in other systems. 

1. The method of matching of characteristics of the tractive 
force of the electromagnet 2 and the resisting force of the spring 4 





(Fig. 14). It is possible to select a curve of tractive force of the electro- 
magnet F, as a function of the armature position & for constant 
voltage V°, on the one hand, and the stiffness of the spring, on the 
other, such that in the required region the difference of the forces 
will be approximately constant and equal to the weight (Fig. 66). 
For this we require, firstly, equality of forces in some single posi- 
tion, for example 
FES, Y’) = F{Es) +Fy ’ 


and, secondly, equality of the slopes of the characteristics 7F',(&) 
and F,(€) for V = const = V’, i.e. 

= =) -m 

a jy- d 

In this case in place of dependency (11.9) we obtain: 


V° = const with §& <&<&,, 


e with & <E<&. (11.11) 


i.e. the regulated voltage V° will be constant for various positions 
of the contact E°, corresponding to various loads I}. 

2. The method of removing the spring 4 (Fig. 14), and establishing 
static conditions in which the tractive force F, is practically inde- 
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pendent of the deflection &. In this case, without the spring equation 
(11.7) takes the form 


F(V®) = Fy = const and V? = const. (11.12) 


3. The method of connecting one of the ends of the spring 4 through 
a damper (Fig. 67). This is termed an isodromic system (comp. 
Fig. 14). In this case, again, in the steady-state regime we obtain 
equality (11.12). However the transient responses of these two 
systems differ very substantially. 





4. The method of connecting an integrator for which instead of 
the deflection the velocity depends on the magnitude of the input 
force* (Figs. 18 and 19), i.e. when in the transient 


= = F(s) or & = O48, (11.13) 
where č is the deflection of the regulating organ and s is the de- 
flection of the control element while F(s) has the usual form, rep- 
resented in Fig. 33. Then the steady-state, connected in the given 
case with absence of motion of the drive (& = const = ©), may occur 
only for s = 0, as follows from expression (11.13) and Fig. 33. But 
to the value s = 0 there corresponds a completely defined state of 
the sensitive element 2 (Figs. 18 and 19), which implies a completely 
defined value of the regulating quantity, the same for all steady- 
state positions of the regulating organ and external load. 

All four types of astatic systems described above are equivalent 
with respect to the absence of static error. They are characterised 
by the graph of Fig. 68 in place of the previous graph of Fig. 65. 
However these systems differ in their dynamic properties. We shall 
demonstrate this difference for the present in a first coarse approxi- 
mation. 

For this we construct the equations of the transient first for the 
slider of the rheostat 3, considering that the resisting force against 


* Then the deflection will be the integral of the input force. 
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its motion is proportional to the velocity while the force of the 
spring is proportional to the deflection. 
For a static system (Fig. 14) we obtain: 


mË +e% +6, = KAV , (11.14) 


where m is the mass of the moving part, ¢,€ is the force resisting 
the motion, ¢,& is the change of spring force, KAV is the change in 
electromagnet force (subtracting the initial extension of the spring 
and the weight of the moving parts). 





For an astatic system, designed according to either of the first 
-two methods (matching of characteristics, removal of spring),. we 
will have: 

me +e8 = kAV . (11.15) 


For an astatic system designed according to the circuit of Fig. 67, 
we obtain two equations 

mË +e% +¢(E—%) = kAV , 

6,(E— À) = en 
(here the damper force is proportional to the difference of velocities 
of its piston and body and is equal to the spring force). Eliminating h, 
we come to the equation 
cg + (6m +C) E +-€,(C +6a)Ë = Cak AV +e,kAV = (11.17) 


Finally, for an astatic system designed according to the circuit 
of Fig. 19, equation (11.14) must be applied to the deflection s and 
equation (11.13) added, specifically: 


(11.16) 


mS +68 tas = KkAV, | (11.18) 
E=¢s. 
whence 
mË +e +e, = ekAV . (11.19) 


Let us assume further that in the first linear approximation the 
regulated object (dynamo) is described by the equation 


AV = —k,E-f(t) , (11.20) 
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where AV is the deviation of voltage from the required constant 
value, —k,— is the reduction of voltage with introduction of the 
regulating rheostat 5 (Fig. 19) and —/(t) is the reduction of voltage 
with increase in load in the system and angular velocity of the dynamo 
armature. 

Then, assuming that the mass of the rheostat slider is negligible 
(m x 0), we obtain the equation of the transient response for a static 
regulation system (Fig. 14) from (11.14) and (11.20) (after elimina- 
tion of &) in the form 


CAV +(¢, +kk AV = —e,k,f—eyf . (11.21) 
The static error of the system is: 
Cy p. 
6+kk 
The equation of the transient process for the first two cases of 
the astatic system from (11.15) and (11.20) will take on the form 
GAV +kk, AV = —eof , (11.22) 
while for the astatic system with isodrome (Fig. 67) from (11.17) 
and (11.20) we have: 
Cae AV + (C36, + C30, +eskk,) AV +e,kk, AV = 
—eyeaf—e(e-+es)f. (11.23) 
For an astatic system of the time shown in Fig. 19, from (11.19) 
and (11.20) we find: 
c,AV +¢,AV tekk AV = —e,f—eyf . (11.24) 


From equations (11.22), (11.23) and (11.24) we see that actually 
in all these astatic systems the static error is equal to zero, since 
the load f itself does not enter into the right side of the equations, 
but only its time derivatives. ' 

A solution of equations (11.21) and (11.22) without the right- 
hand side, i.e. the curve of the transient response with constant load 
(f = 0), has the form 


AVy =— 


t 
AV = Ce T, 


where C, is the integration constant and the magnitudes of T for 
the cases (11.21) and (11.22) are determined respectively from the 
formulae 
= ae, 
T a Gy +kk ats 


ee See 
T =i = Ton. 


(11.25) 
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Since the quantity T in the second case is larger, the transient 
(Fig. 69a) will attenuate more slowly. From formulae (11.25) it is 
evident that the cause of this is the absence of the spring (c, = 0) 
or matching of the characteristics. The quantity T, indicating to 
a certain degree the duration of the transient, is termed the time 
constant. 

From this there follows the conclusion: an astatic system designed 
according to one of the first two methods, although distinguished 


(a) av 
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from a static system (Fig. 14) by the absence of statio error, has 
a poorer attenuation of the transient, which may become unacceptably 
slow. 

In the case of (11.23) the solution takes the form 


t t 
AV = 0e Ti+ 0e 7, (11.26) 


where C, and C, are constants of integration, 


apna ai o l R o o a a 
C102 +6103 +Cakk, + V (e+ Cia + CgkK, )PP—40,C,C,kK, 


In degree of damping this solution takes an intermediate position 
among the solutions (11.25) (see broken-lines in Fig. 69a). Therefore 
in the astatic system shown in Fig. 67 the absence of static error 
is combined with a better degree of damping of the transient than 
in the preceding cases. Such an astatic system, with an isodromio 
device, is frequently termed an isodromic regulation system or 
a system with transient statism, as at the start of the transient 
for high velocities of the slider 3 the damper c, (Fig. 67) does not 
operate and moves almost as a rigid body. Therefore initially the 
system operates almost as a static one (Fig. 14), with good damping. 
Then at the end of the transient, when the slider moves slowly, 
the body of the damper shifts more substantially with regard to 


Tia 
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its piston, which eliminates the static error occuring in the system 
of Fig. 14 (in the graph of Fig. 69a only the transient responses are 
compared in the three systems without regard to the static error of 
the first system). 

Finally, for the astatic system represented in Fig. 19 and similarly 
in Fig. 18), the curve of the transient response as a solution of 
equation (11.24) will have the form (Fig. 69b) 


t 
AV = Ae Tsin(wt+8) , (11.27) 


if the roots of the characteristic equation are complex. Here A 
and @ are arbitrary constants, 


a 
-3, is -y #_(2) (11.28) 

In such a system the damping of the transient usually occurs 
more pcorly than in a static one (Fig. 14), which is evident from 
comparison of the magnitudes of time constants T in the first of 
formulae (11.25) and in (11.28). Naturally, such an indirect-acting 
astatic system (Fig. 19), from energy considerations (Section 3), cannot 
replace the better direct-acting astatic system (Fig. 67), as was done 
with the system of Fig. 14. Improvement of the quality of an indirect- 
acting system requires the introduction of special auxiliary devices 
which will be considered separately in Section 12 and Section 15. 

We remark that the oscillation of the regulated quantity in the 
transient as shown in Fig. 69b for the latter system is possible, gener- 
ally speaking, also in the systems previously considered, if the 
dynamic prcperties of the regulated object itself are taken into 
consideration in greater detail (sect. 24). However in the system 
shown in Fig. 19 it is usually more clearly expressed than in those 
considered previously. 

In these examples the equations of the astatic regulators (11.15), 
(11.17), (11.19) differ from the static (11.14) in the absence of a term 
with the ccordinates of the regulated organ. In addition, comparing 
these equations, it is evident that equation (11.17) of the astatic 
regulator with isodromic device (Fig. 67) differs from the others 
(astatic), by the presence of an additional term in the right side 
with the time derivative of the regulated quantity, which is the 
cause of improvement of the transient response of the given system. 
The design realisations of these conclusions, leading to astaticity 
of the system, may be very varied. 

Self-oscillatory systems. An automatic regulation system (and 
servcmecchanism) is termed self-oscillatory if under stationary 
external conditions defined by the values f° = const and y? = const, 
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it has a stable oscillatory process, which is the steady-state operating 
regime of the given system. 

An example of such a system may be the temperature regulation 
system, shown in Fig. 27, where self-oscillations were found in the 
examples of Section 9 and Section 10. Another form of self-oscillatory 
system is the vibrator voltage regulator (Section 56). 

If self-oscillations are admissible in the system, its parameters 
are selected so that the amplitude and frequency of oscillation will 
have practical values for the given system. If oscillations are not 
permissible, it is necessary either to change the parameters of 
the system to pass out of the region of oscillation or, when this is 
not possible, to change the structure of the system or introduce 
special external periodic forces (Section 13). 

Self-oscillations represent a periodic stationary error of the system 
in addition to the static error, which may occur here as before. 

Reduction of the stationary dynamic errors of the system. To 
reduce the stationary dynamic error, in the process of following 
with constant velocity (for constant .load- f° = const), from (7.23) 
we require, if the system is static, reduction of the coefficient bn 
and increase of a, but, in addition, it is always necessary to minimise 
the difference ¢,_,—%@n—1 where k, is a given scale coefficient relating 
the output and input quantities of the given servo-system. Here 
it is assumed that the basic relationship C, = kya, (7.18) is satisfied 
exactly. If the system is so designed that in the equation of motion 
of the system (7.14) we have bm = 0 (astatic system) and, in addition, 
also ¢,-1 = ko@n-1, then the stationary dynamic error is eliminated 
in the constant velocity regime. 

When the given system is oscillatory there remains a periodic 
stationary error as a result of superposition of oscillation on the 
steady-state constant-velocity motion. 

If more stringent requirements are placed on the automatic system— 
to ensure the minimum stationary dynamic error in the process of 
following with constant acceleration then, from (7.27), to the previous 
conditions is added a new one: it is necessary in the equation of 
motion of the system (7.14) to make the difference ¢,-.—ky@,-2 a8 
small as possible. For complete elimination of the stationary error 
we require, consequently, bm = 0, C1 = koGn—1, Cv-2 = Ky Gn-2 (in 
addition to the fundamental relationship C, = kyap). 

The technical realisation of all these recommendations will be 
clear from the following, when in assembling the equations these 
coefficients will be expressed through the system parameters. 

We note, finally, the requirements on an automatic system permit- 
ting reduction of the stationary dynamic error with sinusoidal input 
to the system. 
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Let it be required that an automatic regulator maintain constant 
the value of the regulated quantity (for example, a ship’s course) 
with oscillatory perturbations f(t) on the object (for example, due to 
a regular wave). Then by constructing the amplitude-phase charac- 
teristic W,(iw) for the given closed regulation system (ship-regulator) 
it is possible to find what amplitude Aa will be attained by the 
ship’s course for the given wave amplitude a and frequency w. The 
circuit and parameters of the system are chosen so that the amplitude- 
phase characteristic of the system (Fig. 50 or 51a) in a defined 
frequency band w of possible wave frequencies would give an ampli- 
tude Aa not exceeding a permissible magnitude. 


A 
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If there is an automatic servomechanism which should reproduce 
a given sinusoidal oscillation y(t) = asinwt, then, by constructing 
the amplitude-phase characteristic W,(iw) it is possible to determine 
the stationary dynamic error of reproduction of this input in amplitude 
and in phase at a given frequency w. In this case it is required that 
in a given band of possible frequencies of the external input force, a, 
the amplitude-phase characteristic (Fig. 50) would have the magni- 
tude A, as close as possible to unity or to an arbitrary desired 
value kj, while the quantity 8 as close as possible to zero or to some 
required phase value. 

These requirements are sometimes conveniently analysed from 
other frequency characteristics (Fig. 51). For example, closeness of 
the amplitude A to the required scale coefficient k, in the interval 
of frequencies 0 < w < we is easily studied by construction of the 
amplitude frequency characteristic (Fig. 70). The band of frequencies 
0 <w <w. in which the value A is not permitted below some given 
value is termed the passband of the given system; we is the cut-off 
frequency. 

It is also possible to estimate the stationary dynamic errors of 
the system for arbitrary periodic perturbations and input forces 
from the amplitude-phase characteristics in accordance with the 
discussion at the end of Section 8. Finally, it is usually important to 
investigate the system for dynamic errors of a random character, 
which will not be considered here. 
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12. Auxiliary feedback in linear systems 


Feedback is one of the most powerful means of decreasing dynamic 
errors of all types and to a lesser extent this also applies to static 
errors. 

Feedback is the term for a branch of the system which connects 
some subsequent circuit with a preceding one, forming a closed 
circuit (Fig. 71a or Fig. 71b). 
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Automatic regulation systems and mechanisms, as we already 
know, always have a closed loop (Figs. 10, 21, 23). From this point 
of view they already always contain feedback. But, in addition, 
in automatic regulations systems and servomechanisms auxiliary 
feedback is employed which establishes in the system additional 
closed loops (Fig. 72). Frequently they are simply termed 
feedback, eliminating the word “auxiliary’’, as self-understood, since 
one closed circuit is always present in the system. 

Positive and negative feedback. In general, feedback may be posi- 
tive or negative. Feedback is termed positive when the variables vp, 
and æ (Fig. 72) enter with the same sign into the equation of that 
loop of the system at the input of which it is applied. If the signs 
of the variables £m and w are opposed, the feedback is termed nega- 
tive (this occurs also in Fig. 3, where 7, = y—a,). Negative feedbacks 
of various forms have obtained wide application in automatic regula- 
tion systems and servomechanisms. 

Positive feedback is usually applied to increase the gain factor 
of one or another circuit of the basic network. Negative feedback 
usually has as its purpose “stabilisation” of the system, i.e. trans- 
forming an unstable system into a stable one or increasing the rate 
of attenuation of the transient process in a stable system. We shall 
explain this by simple examples. 

Let circuit 1 (Fig. 73), taken individually, be described by the 
equation 

Tita +2, = kt, (12.1) 
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where k, is the gain factor of the circuit. We shall apply feedback 2 
to it with the equation 
Tib = kit . (12.2) 


Auxiliary 
feedback 





Fig. 72 


Then in the case of positive feedback equation (12.1) should be 
rewritten in accordance with the circuit (Fig. 73) in the form 


Tiža t2, = ki(21 H2), (12.3) 
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From which, with regard to (12.2), we obtain: 


Tt, +(1-hyk pa, = kyr, 
or 
Tin +, = Tes , (12.4) 
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where 
_ T __|& 
Ti =I hip T TER n 
The new gain factor k, is greater than k, since 
kı ; ; 
Ikin kı (with 0< kiko < 1) , 
which was to be proved (for k,k~ > 1 we obtain instability). 
Now let the circuit 1 be unstable (Fig. 73) with equation 
Tiy — i = kiz . (12.6) 


We include it in feedback equation (12.2). If this feedback is negative, 
then equation (12.6) is rewritten in the form 


Titt = k(t — Ep) , (12.7) 
which, because of (12.2), gives: 
Ti. +(kykp—1)x, = kt, (12.8) 


i.e. for the case k,k~_>1 the introduction of negative feedback 
transforms the unstable circuit into a stable one. 

Stiff and transient feedback. The term “feedback” shall below, 
unless otherwise stated, always mean only auxiliary negative 
feedback. 

Stiff feedback is feedback which is characterised in the steady- 
state by the following equation (direct dependence): 


Tw = LyX (12.9) 
or more generally 
Tp = (2) , (12.10) 


where 2; and xm denote the input and output quantities of the 
circuit, playing the role of feedback. The index ‘‘0” above, as always, 
denotes steady-state quantities; in the transient process a further 
derivative of these quantities with respect to time may be added 
to the feedback equation. 

Transient feedback is feedback in which the output quantity Sp 
does not depend directly on the input quantity v; but is expressed 
through its derivative with respect to time (velocity). Therefore 
transient feedback may involve the same value of the output 
quantity x% for various steady-state values of the input quantity æ$, 
transient feedback is often termed velocity feedback. 

Examples of automatic regulation systems with stiff feedback 
are: the velocity regulation system (Fig. 74) and voltage regulation 
system (Fig. 75). The structural diagram of these systems is shown 
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in Fig. 72a (compare the circuits of Figs. 74 and 75 with the circuits 
of Figs. 18 and 19). 

In the first example (Fig. 74) stiff feedback is realised by the 
rigid mechanical transmission 6 from the output of the hydraulic 





drive to the input of the control element i.e., the slide valve 3, 
through the arm ABC. Here the feedback causes displacement of 
the gate valve, opposite to its displacement by the sensitive element 2. 





Fig. 75 


In the second example (Fig. 75) the role of stiff feedback is carried 
out by the auxiliary winding 6 of the electromagnet, excited by 
the voltage Vm, obtained from the regulating rheostat 5. In this 
case a change of the total tractive force of the electromagnet takes 
place due to the change in current in the feedback circuit while the 
latter depends “directly”? on the magnitude of displacement č of 
the slider of rheostat 5. Winding 6 is connected to oppose the winding 
of the sensitive element 2. 

In both examples the effect of stiff feedback may be roughly 
considered as an anticipatory disconnection of the drive of the 


9 
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regulating organ with succeeding reduction of the approach velocity 
of the system to steady-state. 

In essence, in the absence of feedback the control element 3 (Figs. 18 
and 19) disconnects the drive only when the sensitive element 2 places 
it in the neutral position. If the sensitive element 2 were ideal, then, 
as is evident from the circuit, the neutral position of the control 
element 3 (without feedback) will occur only when the regulated 
quantity (w or V) returns to the required value, i.e. when the devia- 
tion of the regulated quantity—w, AV reduces to zero (point A in 
Fig. 76). 

But such a disconnection of the drive is too late since because of 
the inertia of the system the regulated quantity will continue to 
decrease further (curve AB Fig. 76). This phenomenon is termed 





overshoot. Then the control element connects the drive 4 of the 
regulating organ 5 on the opposite side. Everything is repeated: 
the drive is disconnected at point C; as a result of the system of 
inertia the regulated quantity increases, etc. As a result in a regu- 
lation system with this type of control of the drive the oscillations 
are attenuated either unacceptably slowly or even not at all. 

To prevent overshoot AB (Fig. 76), it is obviously necessary 
to disconnect the drive of the regulating organ before the regulated 
quantity returns to the required, i.e. earlier than the point A and 
“brake” reduction in the regulated quantity. The role of such a “cut- 
off” and “brake’’ is played by negative feedback. In particular, 
when an increase Aw of the regulated quantity œ appears in the 
circuit of Fig. 74, the weights of the sensitive element 2 shift tho 
position of the gate valve 3 from the neutral position upwards. 
Meanwhile the piston of the drive 4 moves upwards and shifts the 
regulating organ 5 downwards, reducing the supply of energy to the 
regulated object or engine. Simultaneously with this the feedback 6 
shifts the point A of the arm AB upwards, covering the gate valve 3. 
As a result the drive disconnection occurs not at point A as before, 
but at some point D (Fig. 76), after which the drive switches to 
motion in the reverse direction, playing the role of a brake. As 
a result of this the curve of variation of the regulated quantity 
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takes the form DE. Consequently, in this case the introduction 
of stiff feedback as a drive cut-off gives a more rapid attenuation 
of the transient and eliminates undesired oscillations of the regulated 
quantity. The same occurs in the other example (Fig. 75). 

However stiff feedback, together with this basic property of 
forming a stable system and reducing the dynamic errors, has one 
defect, namely that it introduces a static error into the system. 

Thus, in the present example the velocity regulation in the absence 
of feedback (Fig. 18) gave an astatic system (Section 11). We shall 
show that with introduction of the stiff feedback (Fig. 74) a static 
system is obtained. In fact, the steady-state of the system is possible 
only at a neutral position of the gate valve since otherwise the regu- 
lation organ 5 will move. This corresponds to a definite position 
of the point C on the arm ABC. But for various steady-states involv- 
ing constant values of the load torque on the shaft we should have 
differing positions of the regulating organ 5 meaning, in view of 
the rigid coupling, various positions of the point A of the arm ABO. 
This requires that the point B should be located correspondingly 
in differing positions for constant position O. Consequently various 
positions of the weights 2 are obtained, and thus various steady- 
state values of the regulated quantity œw, the angular velocity of the 
engine. 

Thus in the present case the introduction of direct feedback 
transforms the astatic characteristic of the system (Fig. 68) to static 
(Fig. 65). 

The second example (Fig. 75) behaves analogously. If in the 
first linear approximation it is assumed that variation of tractive 
force of electromagnet as a result of feedback 6 will be proportional 
to the displacement of the rheostat 5, i.e. 


AR, wi Ege, (12.11) 


then in place of the equations of the transient process of the system 
(11.19) and (11.20) here in the presence of direct feedback in ac- 
cordance with Fig. 75 and (12.11) we obtain, neglecting the mass m: 


oof +08 = e(kAV—k pe) , (12.12) 


AV = —k,E—hof ’ 
or, eliminating £. 


GAV -Le,AV +eilkp-+kk)AV = —eokef—e,kof—cyk plaf . (12.13) 


From (12.12) it is evident that the term kpč, introduced by the 
feedback, if it is shifted to the left, is just such a term which previ- 
ously distinguished a static regulator (11.14) from an astatie one 
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(11.15), (11.17) and (11.19). The static error of the system here 
will be: 
koke 

key +hk,? 
in the absence of feedback (kp = 0) it will be zero. 

The attempt to employ the valuable dynamic properties of a system 
with feedback without introducing static error leads to the applica- 
tion of transient feedback. Examples of systems of automatic regula- 


AVeg = 
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tion with transient feedback may be voltage regulation systems 
(Fig. 77) and velocity regulation systems (Fig. 78). The block 
diagrams remain as before (Fig. 72a). 

In the first example (Fig. 77) a direct dependence (12.11) is absent 
from the feedback, which is attained by introduction of a trans- 
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former 7-8 into its circuit. In this case in the feedback secondary 
circuit 8, containing the winding 6, there will be induced currents 
only in the dynamic state, when a change of current in the primary 
circuit 7 occurs. Then in the first approximation it is possible to 


write: 


dI , 
Alp = —ky Gt = kk, 
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or, passing to the change of tractive force of the electromagnet, 
AF py ~ —kpé , (12.14) 


which replaces the previous relationship (12.11). 
In place of (12.12) we obtain: 
C +6% = o(KAV—kpt), AV =—kE—hf, (12.15) 
or 
GAV +(e, + ek p)AV +e,kk, AV = 


—tzkaf— (C1 +0akp)kaf. (12.16) 


In the present case the system remains astatic as it was without 
feedback ((11.19) and (11.24)), but only because the feedback increases 
the coefficient c, for the first derivative by the magnitude ckm. 
This, as is evident from (11.18), reduces the time constant T to the 
value 

2¢, 
oe Ci + Caki 2 
and reduction of T signifies more rapid attenuation of the transient 
(Figs. 79 and 69b). 

In the second example (Fig. 78) a transient isodromic feedback 

is shown, consisting of the damper D and the spring S. The equation 


(12.17) 
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of motion of the damper piston (and the point A at the output of 
the feedback) will be: 
mz = AF,—Fa 9 
where 
AF,=¢2, Fa=¢{z—-w), 


and z and vu are the displacements of the piston and cylinder, (2—%) 
their relative velocity. From this, neglecting the mass m, we obtain: 


teg = eù. (12.18) 


Dividing this by c, and noting that the displacement u of the feedback 
cylinder D is proportional to the displacement x of the regulating 
organ 5, (12.18) may be written in the form 


Tp +z = kye. (12.19) 
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This formula, just as (12.14), states that the output quantity is 
not directly dependent on the input quantity of the feedback circuit, 
but on its rate of change. This also provides more rapid attenuation 
of the transient than without feedback (Fig. 79), preserving the 
absence of static error in the system. The feedback described by an 
equation of type (12.19), in distinction to (12.14), and termed 
transient isodromic feedback, provides better and more rapid atten- 
uation of the transient process. 

Finally, consider the circuit of a servo mechanism with auxiliary 
transient feedback (Fig. 80). In this the feedback is supplied by the 


Error 
detectori T 


tachometer Tm, which produces a voltage proportional to the angular 
velocity of the output shaft of the system, i.e. 


Vin = kpt, (12.20) 






Fig. 80 


where x is the angle of rotation of the output shaft (regulated 
quantity). 

In this example the feedback output Vp is applied to the input 
of the amplifier. The fundamental action V from the control element 
(Fig. 80), proportional to the error 2, (i.e. the difference in angles 
of rotation of the input and output shafts), which is processed by 
the error detector, designed, for example, in the form of a mechanical 
differential, is also applied to this point. The effect of the feedback Vp 
is subtracted from the effect of the control element V. 

We remark that the introduction of various forms of feedback 
does not have the same effect in all systems. Therefore in each 
concrete case it is necessary to analyse it with the aid of stability 
and quality criteria taking into account the calculated static and 
dynamic errors. 


13. Auxiliary feedback in non-linear systems 


Practical methods of linearisation. 

In non-linear systems feedback carries out the same functions 
as in linear (Section 12), but here there appear new properties: 
(1) suppression of oscillations and (2) linearisation of the system 
which, to avoid repetition, we shall just touch on in the present 
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paragraph. Here we shall also discuss practical methods of linearisa- 
tion for non-linear vibrating systems. 

Suppression of oscillation. As an example let us take a tempera- 
ture regulation system (Fig. 27) and introduce auxiliary stiff feedback 
into it in the form of a mechanical transmission from the drive 
shaft of the regulating organ to the contact panel 7 (Fig. 81). As 
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a result we obtain an angle of rotation zm of the panel proportional 
to the displacement of the regulating organ (ap = kpÉ). We shall 
construct this transmission so that the rotation of the panel 7 under 
the action of feedback would occur on the same side as the deviation 
of the sensitive element of the regulator—the bimetallic plate 2. 
Then the relative displacement s of the bimetallic plate 2 and the 
contact plate 7 will be equal to the difference of effects of the sen- 
sitive element and the feedback, i.e. we obtain negative feedback. 

In the example in Section 10 we have seen that without feedback 
in this system with a relay characteristic of the form of Fig. 53a 
the only possible steady-state process in the system was oscillatory 
and a constant value of the regulated quantity could not be estab- 
lished. Feedback 6, acting in the presence of these oscillations 
approximately as described in Section 12 (Fig. 76), will either sub- 
stantially reduce the amplitude of oscillations or completely eliminate 
oscillation and make the system stable with regard to the steady- 
state process with constant value of the regulated quantity. In the 
latter case a neutral position of the relay on an insensitive zone 
is necessary. 

As will be explained later (Part IV), the presence of a sufficiently 
wide insensitive zone of the relay may eliminate oscillation by itself 
without the introduction of feedback. But then there will also appear 
a static regulation error due to the insensitive zone. This measure 
is less effective. To suppress oscillation it is also possible to introduce 
the derivative into the regulation formula (Section 15). 

Linearisation with the use of feedback. We shall now explain how 
feedback in a non-linear system may linearise it. 
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Consider, for example, a system for regulating the course of a marine 
torpedo (Fig. 26). Here, with continuous deviation of the torpedo 
from the course }, the gyroscope 2 shifts the gate valve (angle of 
rotation ọ), opening the compressed-air feed in the cylinder 3 of 
the rudder drive. As a result of this the piston and the rudder to- 
gether with it shifts from one extreme position to the other. There- 
fore the characteristic of the rudder drive has a clearly non-linear 
form (Fig. 82a). The loop in the characteristic is explained by the 





To rudder 4 





Fig. 82 


fact that before opening the air inlet in one of the channels passing 
to the cylinder, the gate valve, as is evident from Fig. 26, turns 
by some angle, termed the angle of overlap. 

Now let us introduce stiff feedback as shown in Fig. 82b; in particu- 
lar, we shall place the inlets of the air channels leading to the cylinder 
on a movable block 5, joining the latter by a linkage mechanism 
with the piston of the rudder drive 3. Then with reversal of the 
gate valve (by the gyroscope), for example clockwise, the air inlet 
in the right chamber of cylinder 3 is opened and the piston moves 
to the left. Simultaneously with this the feedback arm (fb) will move 
the block 5 to the left, keeping it always under the gate valve and 
by this blocking further air admission to the cylinder. As a result, 
to each steady-state position of the gate valve » there will corre- 
spond a definite position of the coupling rod of the rudder drive n, 
where the quantity n will be proportional to the angle ọ in view 
of the stiffness of the feedback. 

Thus, the characteristic of the rudder drive has, with feedback, 
become linear (Fig. 82c). However as a result of the presence of the 
angle of overlap of the gate valve, the piston with the feedback 
may for some given ¢ not settle in an exactly defined position » 
but in some zone about it. The characteristic of the rudder drive 
will therefore be somewhat diffuse, which is shown by the broken 
line in Fig. 82c. 

In the present case the rudder drive becomes a closed loop servo- 
mechanism included in turn as a circuit of the closed loop torpedo- 
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course regulation system. This servomechanism is non-linear from 
the point of view of its internal processes but has an approximately 
linear character as a whole. Therefore in studying the entire present 
regulation system it is possible to consider the rudder drive with 
feedback as a single linear circuit without regard to its internal 
processes. 

The particular role of feedback in non-linear systems consists in 
the following two important additional properties. 





Fig. 83 


Tinearisation employing vibration. Here we shall discuss a further 
practical method of linearising non-linear circuits of automatic 
systems—the generation of supplementary vibration at relatively 
high frequencies using an external periodic force. 

As the first example consider non-linearity in the form of dry 
friction when the friction force F; is approximately constant in 
magnitude and changes its sign with change of sign of the velocity v 
of the relative motion of the rubbing parts (Fig. 83a). It is well 
known that if the foundation of a mechanism in which dry friction 
occurs is caused to vibrate by an external force at sufficiently high 
frequency (several times the natural frequency of the mechanism), 
the mechanism will operate as if the non-linear dry friction has been 
replaced by approximately linear friction, proportional to the velocity. 
This is explained by the fact that with application of the vibration 
X =asinut, a vibration velocity Va = awcosat, is superimposed 
on the velocity V of relative motion of the rubbing part (Fig. 83c); 
and if 


aa > 13.1 
, (13.1) 
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the dry friction force will change sign (Fig. 83d); the mean friction 
force in a single period will be: 


—eT,+cf 
His are f 
From the segment of the curve DE we have v = awsinwt, or 
A = A 
w aa) 
Consequently, 
T T 2. 0 T 2. v 
= — = — — -1 — = =- A 
Ti 5 + 2t, 5 + > na T, z gn PPR 
Therefore, considering that T = 2n/w, we obtain: 
2c v 
Fay = -7 ia’) 


which is represented by the broken line in Fig. 83b for the condition 
v < aw (13.1). Determining the slope of the tangent, at the origin 
of coordinates (full line in Fig. 83b), we obtain: 


F; %—ew, where ¢ =—. (13.2) 


This is approximately valid only under the condition (13.1), which 
is realised through a high frequency w with sufficiently small oscilla- 
tion amplitude a, which will not disturb the functions of the given 
mechanism in the automatic regulation system. 

A second example is an electromagnetic relay operating as a vibra- 
tor. Let its characteristic without vibration have the form of Fig. 84a, 
where Z is the current in the control circuit, V is the voltage in the 
control circuit, T is the current at which the relay switches. On the 
constant input current 7 we superimpose from outside an additional 
oscillation of such amplitude and frequency that the relay armature 
vibrates continuously, closing and opening the control circuit (output 
voltage V). 

Then, if the input current I (constant component) is equal to zero 
(Fig. 84b), the relay will vibrate about a mean position and therefore 
the mean value of the output voltage V will be zero. If the input 
current I has some non-zero constant value, for example positive, 
the vibration then will occur about this positive value (Fig. 84c) 
and therefore the relay will be connected to the positive side for 
a greater portion T, of the oscillation period T and for a smaller 
portion T, of the period T to the negative side. 

As a result we obtain at the output 


Veo = arte i (13.3) 


Methods of Improving the Regulation Process 125 


where 
T eae i P- Zad 
T, =5 +% sin De T,=5-—Zsin A: 
From this, considering that T = 2n/w, we find: 
2c, I 
Ve= zs T (13.4) 
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Thus, to each value of the constant component of the input 
current J will correspond a definite mean value of the output 
voltage V, which is represented by a continuous characteristic 
(Fig. 84d) replacing the previous relay characteristic (Fig. 84a). 
This effect is maintained when I varies at a substantially slower 
rate than the superimposed sinusoidal current. In order for the 
whole automatic system of which the given relay is a part to operate 
on the mean value of the voltage and not to reproduce the external 
vibration, it is necessary that the frequency of the latter should 
be several times the natural frequency of the system. All this is 
valid, as is evident from Fig. 84e, with 


I<A. (13.5) 


The characteristic obtained (Fig. 844) may be considered linear 
in its initial portion with 
2c 
V ak =—. 10. 
kI, k= (13.6) 
If the sinusoidal curve of current variation in Fig. 84¢ be replaced 


by a triangular or a sawtooth curve the segment DE will be recti- 
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linear with some definite slope angle.Therefore we obtain 
T, =$ + 2leote, T, = 5 —2Teota, 


where cot« is measured in seconds per ampere or milliampere. Con- 
sequently, expression (13.3) takes the form 
4cota 

T 3 
i.e. in place of the curvilinear characteristic (Fig. 84d) we obtain 
an exactly linear characteristic (Fig. 84e), which replaces the original 
relay characteristic (Fig. 84a) under condition (13.5). 

Similar methods are frequently employed where for ease of design 
it is desirable to apply a relay and at the same time retain system 
linearity. 

We remark that a similar effect is obtained in a chopper-bar pulse 
regulation system of type b (Fig. 31). If the pointer 4 slides over 
the contact plate 9, there would be a relay characteristic of form 2 
or 6 (Fig. 24). But due to the oscillation of the bar 7 the pointer 4 
(Fig. 31b) closes the circuit at time intervals proportional to the 
input pointer displacement s. Then the average voltage oscillation 
over a period (4.1) will be proportional to the input quantity s. 

Finally, we note that the introduction of auxiliary vibration in 
the mechanism causes the elimination of dead zones due to the 
presence of backlash and insensitive zones, always assuming that 
the vibration frequency is sufficiently high and the amplitude exceeds 
half of the backlash or insensitive zone. 

All the above, aside from the direct technical advantages connected 
with a simple means of realising continuous regulation, is very 
important in permitting an approximate theoretical analysis of es- 
sentially non-linear, and linear pulse, systems by the methods of 
ordinary linear theory, which are substantially simpler and better 
developed than the theory of non-linear systems. 

In Chap. XVII, there will be a more detailed discussion of the 
conditions for vibrational linearisation of non-linearities. 


Va=kl, k= 





14, Regulation function 


Introduction of the integral into the regulation function. 

The differential equation of an automatic regulation system 
(Fig. 85) may be divided into two parts: (1) the equation of the 
regulated object, for example in a linear system: 


Qip) = —R,(p)E—Si(p) f(t) , (14.1) 
and (2) the equation of the regulator 
Q(p)E = R(p)z , (14.2) 
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where x is the deviation of the regulated quantity (error), & is the 
regulating force, f(t) is the perturbation (load) on the object, Q,(p), 
R,(p), S(p), Qp), Rp) are the corresponding operational poly- 
nomials. 

For example, we had the equations of the regulated object (11.20) 
and the regulator (11.14) and, eliminating the variable §, we obtained 
a single equation for the system (11.21), i.e. that which was written 
in the general form (5.2) or (5.7). 





Fig. 85 


If the operational polynomial @.(p) in the hand side of the regu- 
lator equation has a constant term i.e. the equation contains the 
quantity č and not only its derivatives, it may be stated that the 
right-hand side of the regulator equation R,(p)x indicates on what 
the regulating force č on the object depends—if on the deviation 
alone of the regulated quantity s, when in place of R,(p) there is 
a constant coefficient, or if also on the derivatives of this deviation, 
describing the velocity and acceleration of the deviation of the 
regulated quantity, etc. 

Therefore if the operational term @,.(p) in the left-hand side of the 
equation contains a constant term, the right-hand side R,(p)X of 
the regulator equation is termed the regulation function. If @.(p) 
does not have a constant term, the regulation function must be 
considered, obviously to be R,(p)a/p. If Q.(p) does not contain p 
in the first power, the regulation function will be F,(p)/p?. 

Thus, for example, in Section 11, where the role of s was played 
by the deviation of the regulated voltage AV, the equations of four 
different regulators: (11.14), (11.15), (11.17), (11.19) where given 
and the operational polynomials Q,(p) and R,(p) had the following 
forms respectively: 


1) Qp) = mp? + ep +e , Rp) =k; 

2) Q(p) = mp?+ ep, Rp) = k; 

3) Q(P) = mp? + (CM + C263) p? + Clea + 6g) P , 
Rp) = eskp + cık; 

4) Q(p)=mp?+ep?+ep, RAp)=ck. 
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Consequently, in the first case the regulation function with respect 
to the deviation of the regulated quantity was KAF, in the second 
case KAV/p in the third case C,KAV + CkAV/p with respect to devi- 
ation and integral and in the fourth case C,KAV/p. 

This is the role of the right-hand side of the regulator equation 
R{p)m and the last term of the expression Q,(p). The remaining 
terms of the left-hand side of the regulator equation Q,(p), i.e. 
mp*+c,p in the first case, mp? in the second, cymp* + (em + €203) p? 
in the third and mp*+c¢,p? in the fourth establish the dynamic 
errors of the regulator. In those cases where there are no additional 
terms in the left side of the regulator equation, the term ideal regula- 
tor is used, which corresponds to an ideally designed regulator without 
dynamic errors for the given regulation function. As is evident from 
the above expressions, the cause of non-idealness of the first regu- 
lator is the presence of mass m and the resistance coefficient cz. 
In the second regulator non-idealness is determined only by the 
mass m, while the resistance c, (damping) plays a positive role since 
here it enters into the last term of the expression @,(p). 

From the above examples of the four regulator equations it is 
evident that the first of them has a regulation function which only 
takes into account the deviation of the regulated quantity, while in 
the remaining three the regulation function contains the integral of 
the deviation of the regulated quantity. From Section 11 it follows 
that the first of these regulators is static, the remaining three astatic. 

From this it is possible to draw the conclusion that the intro- 
duction of the integral into the regulation function gives an astatic 
system, i.e. eliminates static errors from automatic regulation 
systems. Here it is necessary only to remark that the question of 
astaticity of the system is not decided finally by the equation of 
the regulator alone but by the equation of the entire system (the 
absence of a constant term in the operational polynomial for perturba- 
tion f in the right-hand side of the equation of the overall system), 
which for the examples considered was expressed in the forms 
(11.22)-(11.24). Therefore the above formulated rule may have 
exceptions if the equation of the regulated object has singularities. 

Aside from the four methods of introducing the integral into 
the regulation function, presented in the paragraphs on astatic 
systems in Section 11, and the fifth method in Section 12, there 
exists a further method of direct inclusion of an integrating device 
in parallel with the action of the sensitive element of the regulator, 
as shown in Fig. 86. Here the sensitive element applies to the regu- 
lator circuit the quantity kx proportional to the measured deviation 
of the regulated quantity 2; simultaneously with this quantity ko 
passes through the integrating device and is applied further in the 
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form k, J xdt. As a result the quantity applied to the succeeding 
circuit of the regulator is 

ke +h, fedt or Pete 
which introduces the integral into the regulation function. The 
principles of operation of integrating devices are quite varied (me- 
chanical, hydraulic, electric motor, electrical circuits, electronic, 
electromechanical, etc.) and are considered in the specialised literature. 


Anplifiere 
converter 





Senste 
tive 
element 







Fic. 86 


_ For example, let the equation of the regulator of a static voltage 
regulation system have the form (11.14), namely 


mË + o£ +6,& = KAV. 


Let us introduce an integrating device into this system. Then in 
place of the above equation we obtain 


mE +e€ +o = kAV+h, f AVat, 
or, after differentiation with respect to t: 
mE + o£ +e, = KAV+K,AV; (14.3) 


this has the same form as the regulator equation (11.17) of an astatic 
system, the term in the variable — being absent. 






device 


The structural diagram of a servomechanism with error integral 
is shown in Fig. 87. The integral is introduced into servomechanisms 
for the purpose of eliminating stationary errors in the process of 
following with constant velocity or with constant acceleration. In 
the latter case a double introduction of integrals is required *. 


* A concrete example is given in Section 38. 
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For a double introduction of integrals 
2 
kut k, f wdt+hyf(f dt)at or Set tE thle 


the system is termed double-astatic, as this usually leads to absence 
in the overall system equation (5.2) not only of the constant term bm f 
but also of the term in the first derivative of the load b,»-;/, as 
a result of which static error will be absent from the system not 
only with constant but with uniformly varying loads. 

We shall now show that simultaneously with the positive property 
of eliminating static error, the introduction of the integral into the 
regulation function most frequently has a negative influence on the 
quality of the transient response of an automatic regulation system. 
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For example, let the deviation of the regulated quantity « vary 
as shown in Fig. 88a. Then fadt will have approximately the form of 
Fig. 88b. To prevent overshoot BC and consequently accelerate 
attenuation of the transient process it would already be necessary 
on the segment AB, simultaneously with the positive force ka 
from the sensitive element, to apply an additional negative force, 
as was the case for negative feedback (Section 12). Here, in place 
of this, there is obtained an additional positive force k,fadt since 
fadt (Fig. 88b) is positive on the segment AB. Consequently, in 
place of retarding reduction of x with approach to zero, as was 
done by feedback, the effect of the integral strengthens the action 
of the regulator towards the side of decreasing v, aggravating over- 
shoot. 

In addition, even on the segment BC, where a reverse action of 
the regulator is already required to return the deviation x to zero, 
the integral fadt remains positive as before; consequently, it again 
prevents the regulator from acting towards the side of further 
reduction of the regulated quantity, since the effect from the devia- 
tion ka does not overcome this deleterious effect of the integral. 
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Thus we see that introduction of the integral into the regulation 
function strongly influences increase of oscillation of the regulated 
quantity in the transient regime, worsening by this attenuation of 
the transicnt and may even cause free oscillations, i.e. make the 
system unstable. 

That is how matters stand when the deviation of the regulated 
quantity v and its integral enter into the regulation function. Obvi- 
ously, the transient response may be worsened still more when the 
integral enters into the regulation function without the deviation g. 
But this is precisely what occurs, in accordance with the remarks 
at the beginning of the present section, in the following four methods 
of establishing astaticity of the system (Section 11 and Section 12): 
matching of characteristics, removal of the spring, introduction of 
an integrating drive, introduction of transient feedback of the type 
(12.14) in the presence of an integrating drive. Consequently, in 
all these four methods of eliminating static crrors in an automatic 
regulation system, it is particularly necessary to analyse carefully 
the quality of the transient responses and, when necessary, to adopt 
additional methods for its improvement. 

In this respect the third method of establishing astaticity of the 
system is advantageously distinguished from the others—the intro- 
duction of an isodromic device (Section 11) and the method of 
introducing isodromic feedback of the type (12.19). These methods, 
simultaneously with introduction of the integral, retain in the regula- 
tion function the deviation of the regulated quantity, by which is ex- 
plained the improved quality of the transient response when using 
these methods. 

These conclusions also relate to methods of introducing integrals 
into servomechanisms. 

The considerations in the present section have been simplified. 
The question of the effects of introducing the integral into the regu- 
lation function require in each system a more detailed analysis by 
the methods described in succeeding parts of this volume. 


15. Introduction of derivatives into the regulation function 


The introduction of derivatives into the regulation function is an 
important means for improving the rate of attenuation of transients, 
where the introduction of derivatives has no direct influence on 
the static error of the system* (in contrast, for example, to stiff 


* However, improving the transient response, introduction of derivatives 
into the regulation function establishes conditions favouring reduction of the 
static error by other means. 


10 
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feedback, which very effectively improves the transient response 
but gives rise to static error). 

It is possible to introduce derivatives into the regulation function 
by introducing several sensitive elements (Fig. 89a), the first of which 
measures the deviation of the regulated quantity, the second the 


Cons É megh lif 
trolled mplilier- 
object paeem 






































organ 
(b) 
Caia] 
“oN | Con- hr ; 
4 Load wu 
Vita J trolled ve 
Re 2 object hr popes 
= Differen- ied 
aq 
26 


TTE | 


tiatıng 
device I] 


tiating 
device I 











Error 






Fic. 89 


velocity of deviation, the third the acceleration of deviation. The 
outputs of all the sensitive elements are added at the input to an 
amplifier-transducer. 

An example of such a system is an automatic pilot in an aircraft 
which has as the sensitive element J (Fig. 89a) a free gyroscope, 
measuring the angle of the aircraft from its course , as sensitive 
elements JI and III, a rate gyroscope, measuring the angular ve- 
locity } and the angular acceleration } of the deviation of the aircraft 
from course. Consequently the sum of three forces is applied tothe 
amplifier: 

k} + kap tkp or  (ki+kap+kap?)y . (15.1) 


However it is not always possible to realise so simply devices 
measuring directly the derivatives of the regulated quantity. There- 
fore other methods of introducing derivatives into the regulation 
function are adopted, shown schematically in Fig. 89b, Here there 
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is a single sensitive element, measuring only the deviation of the 
regulated quantity. Its derivatives are obtained by the application 
of differentiating devices I and II. Diffcrentiating devices may be 
as varied as integrating ones i.e. mechanical, electrical, electro- 
mechanical, electronic, thermal, ete. 

An example of a servomechanism with first derivative is shown 
in Fig. 89c. Here from the rheostat F, the slider of which is rigidly 
connected with the shaft v, is detected the voltage V,, proportional 
to the error quantity 2. The tachometer T, connected with the 
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same shaft, produces a voltage V, proportional to the angular velocity, 
i.e. the first derivative of the error angle. The sum of these two 
voltages is applied to the amplificr 


V = Yı +V, => hyo + ht = (ky +kep)x . (15.2) 


The significance of introducing derivatives into the regulation 
function may be roughly explained in the following manner. 

Let the deviation of the regulated quantity æ vary as shown in 
the graph Fig. 90a. The graph b shows how the derivative ¢ will 
vary at the same time. 

If, as a result of the non-ideal sensitivity and some inertia, the 
regulator reacts only to the deviation æ it begins to act effectively 
only when the deviation v attains a certain magnitude. If the regu- 
lator reacts not only to the deviation v but to the derivative # (which 
may immediately attain some finite value, aS soon as a deviation 
arises), it comes into operation substantially more quickly. 

Reacting to the derivative z, the regulator appears to sense not 
only the deviation of the regulated quantity which has already 
appeared, but also the tendency of its further variation. Therefore 
derivative eae is sometimes termed lead or anticipation OED 
lation. | 

The following: appears important. The effect on the. object . hy 
a regulator reacting only to the deviation æ will be the same at 
point A (Fig. 90a), where the deviation is increasing, and at point B, 
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where it is decreasing. At the same time it would be useful for the 
regulator to act more strongly in the first case to prevent un- 
desirable increase of the deviation of the regulated quantity more 
effectively, while more weakly in the second case to prevent over- 
shoot, i.e. the possible passage of the curve æ through zero to the 
opposite side. 

Both these aims are achieved by introduction of the derivative z, 
since when the regulator reacts to # and #, as is evident from Fig. 90b, 
its action is increased at the point A (since here the effects due to « 
and # have the same signs) and is weakened at the point B (since 
here the effects of v and # have opposite signs). As a result the maxi- 
mum deviation x is reduced and the approach of v to zero is retarded; 
as a whole this leads to a faster attenuation of transients and to 
elimination of undesirable oscillation of the regulated quantity, if 
this was present before introduction of the derivative. At the same 
time, by introducing derivatives it is also possible to eliminate 
divergent oscillations from the system, i. an unstable system 
may be made stable and self-oscillation opposed. 

We note that the application of transient isodromic feedback of 
the type (12.19) in place of simple transient feedback of the type 
(12.14) and application of an isodromic device in place of a simple 
damper (Section 11), which give improvement of the rate of attenua- 
tion of transients, are directly connected with introduction of the 
derivative. This is evident from comparison of the corresponding 
equations of the regulators (11.17) and (11.15). But there, in view 
of the astaticity of the system (the presence of the integral), this 
introduction of the derivative was expressed by addition of the 
deviation of the regulated quantity to the integral of the deviation 
in the regulation function. 

In addition it is possible to introduce into the regulation function 
the derivative when introducing the integral, i.e. 


Crete or kit + kæ + ka f odt ‘ (15.3) 
Then introduction of the integral eliminates the static error while 
the additional introduction of the derivative accelerates attenuation 
of transients. 

The recommendations presented here are not universal and require 
careful analysis in each specific system through investigation of the 
stability and quality of the transient response. There may be indi- 
vidual cases where introduction of the derivative does not give the 
expected effect. 


CHAPTER IV 


SOME PROBLEMS IN THE THEORY OF AUTOMATIC 
REGULATION 


16. The theory of automatic regulation 


We have already remarked that automatic systems may have 
varying physical bases and may relate to any branch of engineering. 

A given automatic system will frequently contain mechanical, 
electrical and electronic circuits. Heat engines are fitted with electro- 
mechanical and electronic regulators; electronic devices are fitted 
with electromechanical automatic devices; remote-control systems 
for moving mechanical objects include a complex of mechanical, 
electronic, electrical devices, etc. 

Therefore each circuit of an automatic system must be studied 
in detail and calculated individually by the appropriate specialist 
(combustion engineer, mechanical engineer, electrical engineer, 
electronic engineer, aerodynamicist, etc.). But this is not enough. 
From the preceding chapters it is obvious that the practical appli- 
cability of each automatic regulation system and each servomechanism 
may be finally settled only by investigation of the static errors, 
stability, transient response, etc. for the entire system. Otherwise 
there will be no guarantee that the system produces the right effect, 
no matter how carefully its individual elements have been calculated 
and produced. 

The most important circumstance here is that the regulated or 
controlled object itself must enter as a component of the closed 
regulation system or servomechanism. Therefore the quality of 
a given regulator or servomechanism cannot be finally decided 
without simultaneous investigation of the statics and dynamics of 
the regulator with its object (taking into detailed account the static 
and, in particular, the dynamic properties of the latter). No con- 
clusion can be made about the goodness or badness of a regulator 
or control system if the static and dynamio properties of the regu- 
lated object are not given. 

It would however be unreasonable to find that a system is poor 
only in the final calculations. Therefore, before calculating in detail 


135 


136 The Dynamics of Automatic Control Systems 


each individual circuit of the system, it is necessary to design the 
overall system and to select the fundamental parameters of each 
of its circuits, starting from an investigation of the statics and dy- 
namics of the system as whole (including the regulated object). 

The static and dynamic errors of a system do not consist simply 
of the sum of static and dynamic properties of the individual circuits, 
but are defined by the overall ‘system of their equations and charac- 
teristics. Stability or instability of individual circuits of the system 
does not say anything about the stability and quality of the system 
as a whole. For example, a closed system consisting only of stable 
circuits may be unstable as a whole. On the other hand, a closed system 
containing individual unstable circuits may be as a whole stable 
(this determines, in particular, the possibility of automatic regula- 
tion and control of unstable objects). 

It is important, further, that questions of static error, stability, 
transient response, etc. cannot be considered in isolation. In fact, 
the contradiction between the static behaviour and the transient 
response in an automatic regulation system has already been clearly 
seen in Section 14. In trying to eliminate the static error there, we 
unavoidably encountered a lengthening of the transient disturbance 
and even the possibility of system instability; this contradiction 
will be considered more fully below. 

It is therefore not possible to select the parameters of an automatic 
regulation system only from the static characteristics and steady- 
state properties of the system, without carrying out at the same 
time an investigation of stability and transient response, and vice 
versa. 

Only the joint investigation of the statics and dynamics of the 
system as a whole can decide what structure.is best chosen for the 
system; if additional feedback should be introduced into the system 
and in particular what kind; if it is expedient to achieve an astatic 
system or if it would be better to make it static; if it is necessary 
to introduce derivatives into the regulation function; what influence 
its non-linearities have on the operating quality of the system; and, 
finally, which are the best numerical values of the fundamental 
system parameters to choose (transfer factors, gain factors, time 
constants, resistances, masses, inductances, etc.). 

Since the objects and circuits entering into complete automatic 
systems relate to different branches of engineering, the study of the 
general methods of the statics and dynamics of automatic systems 
cannot be the subject.of mechanics or thermodynamics or electrical 
engineering or radio engineering, etc. separately. At the same time 
it is well known that. many essential questions of statics and, in 
particular, the dynamics of automatic systems in all branches of 
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engineering are solved by the same mathematical and experimental 
methods. : 

A specialised science has therefore arisen—the theory of automatic 
regulation—studying the principles common to all closed automatic 
systems for determining the structures, methods of investigating 
the overall static and dynamic properties, methods of selecting the 
fundamental parameters of the individual circuits on the basis of 
the quality requirements placed on the overall system. 

One important aspect of the theory of regulation is its charac- 
teristic form of analysis and evaluation of the solutions of various 
algebraic, differential, difference and other equations, sometimes 
with recourse to statistical methods as well as corresponding experi- 
mental investigations on models and their special mathematical 
processing. In view of the high order of the equations, the diffi- 
culty of their construction for a real system and the particular 
requirements for the systems, frequent recourse is had to special 
approximate evaluations and indirect theoretical and experimental 
procedures, which avoid the difficulties of a direct solution, but 
still provide sometimes even the setting up of the equations, a con- 
venient technical method of calculation in the synthesis of automatic 
systems. 

Aside from direct application to the investigation and design of 
automatic systems, the methods of the theory of automatic regula- 
tion may be used in other fields of science and engineering where 
the investigation of stability and the determination of the static 
and dynamic errors are required for an arbitrary system, described 
by high-order differential equations. On the other hand, the theory 
of automatic regulation itself is substantially enriched through the 
adoption of the methods of investigation of the dynamics of these 
other systems and the methods of the general theory of oscillation. 

The theory of automatic regulation has flourished in the last 
decade because of its connection with the practical requirements 
of contemporary engineering, and with the complete automation 
of many processes in all branches of engineering. This is its great 
practical significance. The theory of automatic regulation, by giving 
an understanding of the general principles of construction and the 
general dynamic properties of automatic systems, as well as means 
of their improvement, now becomes a necessary discipline for all 
engineers. 

The present theory of automatic regulation includes a broad 
Tange of questions and is divided into the following specialised 
fields. 

¢ 1. The study and development of general principles of designing 
automatic regulation systems. 
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2. Static calculation and selection of the structures and parameters 
of the system, starting from the admissible static error. 

3. Investigation of the stability and choice of structures and 
parameters of the system, starting from the requirements of stability 
of the system. 

4. Investigation of the transient response and the selection of 
structures and parameters of the system, starting from requirements 
placed on the transient response in the given system. 

5. Investigation of the process of regulation in the presence of 
an arbitrary perturbation, the influence of which should be damped 
out of the system. The perturbation may be given as a function 
of time or by its probability characteristics or it may be known 
only by limiting values between which the perturbation varies 
arbitrarily. 

6. Investigation of the process of following an arbitrarily varying 
input signal which should be reproduced by the system to a certain 
precision. Simultaneously with investigation of the quality of 
reproduction of a useful signal it may be required to take into account 
the effects of random noise applied to the system together with 
the useful signal. 

7. The study and development of the general principles of dy- 
namic simulation of automatic regulation systems and servomechan- 
isms, the construction of models and the carrying out of experi- 
ments; the experimental measurement of frequency and time charac- 
teristics of the system and its individual circuits. 

The present book will give only the foundations of the dynamics 
of automatic-regulation systems mainly with respect to isolated 
automatic regulation systems and servomechanisms. We shall not 
consider here the dynamics of coupled systems with several objects 
and regulators which constitute an important and difficult field of 
investigation. The simulation of automatic systems, which has at 
the present time a very great importance, is not considered. Special 
methods of calculating the errors in automatic systems in the presence 
of arbitrarily varying perturbing factors and methods of investigating 
random forces of a statistical nature are not considered. This last 
question is discussed in a specialised monograph of V. V. Solo- 
dovnikov (Reference 12). 

As will be evident later, in the theory of automatic regulation 
there exist many different methods having a common aim; the 
best choice of structure and parameters of closed automatic systems. 
For the present it is not possible to give preference to any of these 
methods over the others in all practical cases. Each of them is good 
for specific conditions. This is explained, on the one hand, by ther 
great differences in design and technical problems solved by auto- 
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matic systems, which require differing interpretations of the terms 
“highest quality of the regulation process”, “best parameters of 
the system”, etc. On the other hand, the attempt to develop more 
and more new methods of investigating the dynamics of automatic 
systems is explained by the fact that none of them completely 
satisfy the needs of practice. 


` 


17. On the history of the theory of automatic regulation 


The founder of the theory of automatic regulation is the celebrated 
Saint Petersburg professor and engineer Ivan Alekseevich Vyshne- 
gradskii (1831-1895). Before the publication of his first work 
in this field in 1876 the theory of automatic regulation in fact did 
not exist, despite the fact that the design of regulators had already 
developed from the time when the first automatic regulator was 
invented by I. I. Polzunov in 1765. 

The period before 1876 was characterised by intuitive invention 
and the development of individual, mainly static calculations. In 
the middle of the nineteenth century, in connection with the increase 
in speed of steam engines and the appearance of steam turbines, 
the problem arose of improving the quality of centrifugal governors. 
Here engineering came into practical contact with the contradiction 
between the static and dynamic behaviour of an automatic-regula- 
tion system, namely: attempts to increase the static precision led 
to slower attenuation of transient oscillations and even to instability. 
But this problem cannot be solved by static methods of calculation 
and intuitive design. Individual dynamic investigations carried out 
by various authors did not solve this problem. 

The first work in which the problem of the dynamics of simple 
regulators was correctly solved is due to I. A. Vyshnegradskii. The 
moment of publication of his work “On the general theory of regu- 
lators” (Reference 2) in 1876 is the birthday of the theory of automatic 
regulation. This work contains a brief description of the results 
obtained by the author. A detailed discussion was given in his work 
“On direct-acting regulators” (1877) and in the appendix to this 
work (Reference 2). There is information that a part of these results 
was already reported by I. A. Vyshnegradskii in 1872. 

By correctly solving this important problem in the design of 
regulators Vyshnegradskii was a founder of contemporary automatic- 
regulation theory and his work retains its importance up to the 
present time. He gave engineers specific indications which showed 
how the different design parameters of a system influence the quality 
of regulation. 

Vyshnegradskii, by his specific study, showed that a high-quality 
regulator may be developed only on the basis of simultaneous calcula- 
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tion of this regulator with the regulated object. He also demonstrated 
that it is in no case possible to employ only the static calculations 
but it is necessary simultaneously to carry out dynamic calcula- 
tions taking into account the static and dynamic properties of the 
object and regulator. Conversely, it is not possible to limit the calcula- 
tion to the transient behaviour without determining at the same 
time the static error of the given regulation system. 

In his investigation he applied linearisation to the equations of 
motion of a regulation system, now a basie technique in the theory 
of regulation. 

Vyshnegradskii derived the stability condition of a dynamic 
system described by a third-order linear differential equation. He 
first introduced representation of the stability region in the plane 
of the fundamental system parameters. 

Vyshnegradskii constructed a diagram where the stability region 
was divided into three parts, one of which corresponded to an oscil- 
latory transient process and the two others to different types of 
aperiodic processes. In this he originated the investigation of the 
quality of the transient response. He showed in particular that the 
presence of complex roots in the characteristic equation in itself 
does not signify an oscillatory transient process. Vyshnegradskii’s 
diagram is even now directly used in technical calculations. 

A. M. Liapunov and the significance of his work on stability. 
Since an essential role is played in the theory of automatic regulation 
by the theory of the stability of equilibrium and motion of a dynamic 
system, it is necessary here to describe the role of the founder of 
the rigorous theory of stability of motion—the great Russian mathe- 
matician, Academician Aleksandr Mikhailovich Liapunov (1857- 
1918). 

The term “stability”? was used earlier, but Liapunov first gave 
a mathematically exact definition of the concept of stability. In 
his doctoral dissertation “The general problem of stability of motion”, 
1892 (reprinted in 1935 and 1950), he proved theorems on the laws 
of stability studied in the first approximation, i.e. according to 
linearised equations. These theorems of Liapunov have served as 
the mathematical foundation for the entire linear theory of auto- 
matic regulation from Vyshnegradskii to the present. 

In addition, by very refined mathematical methods, in the same 
work Liapunov also investigated a number of particular cases, 
obtained in the presence of zero and purely imaginary roots. He 
gave a number of superb mathematical results. An important role 
is played at present by Liapunov’s method for the investigation 
of equations with periodic coefficients, in particular in the study 
of stability of non-linear periodic processes. 
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‘Finally the direct method of Liapunov, termed also “the second 
method”, is of particular importance; it contains his celebrated general 
theorems on stability and instability of motion and equilibrium of 
arbitrary dynamic systems, which are used most frequently in the 
investigation of non-linear systems and systems with variable 
parameters. 

The theory of regulation in Russia before 1917. The outstanding 
work of the Russian mathematician, Academician Pafnutie L’vovich 
Chebyshev (1821-1894) has an important significance, in particular 
his work “On the centrifugal governor”. For the contemporary theory 
of automatic regulation the works of P. L. Chebyshev devoted to 
the problem of the smallest deviation from zero of a polynomial 
are also very interesting. 

A substantial contribution in the initial stages of development 
of the theory of regulation was the work of the Slovak scientist 
A. Stodola on the regulation of steam turbines (1893), which con- 
tinued and developed the ideas of I. A. Vyshnegradskii. 

Important investigations were carried out in the works of A. V. Gre- 
chaninov in 1896 and 1899, Ia. I. Grdin in 1898, 1899 and 1900 and 
A. I. Sidorov in 1900. 

The work of Nikolai Egorovich Zhukovskii “The theory of regula- 
tion of machines”, published in 1909 had great significance and 
was a presentation of lectures on the theory of regulation delivered 
at a higher technical institute. It is a presentation of the theory 
of automatic regulation of the time and contains results on the 
non-linear problem of the effect of dry friction on the process of. 
direct regulation and on the theory of pulse regulation by cutting 
off steam with application of linear finite-difference equations. 
Zhukovskii demonstrated that under certain conditions pulse regula- 
tions may be considered as continuous while the finite differences 
equations pass into ordinary differential equations. 

Initially the theory of regulation was applied to steam engines 
and turbines. From the beginning of the twentieth century it began 
to be applied to the regulation of electric motor speed, electric 
generator voltage, temperature, pressure, etc. and later, to automatic 
control instruments of marine torpedoes, artillery and automatic 
pilots, i.e. to automatic regulation of course, height, banking, etc. 
of aircraft. 

Theory of regulation in the U.S.S.R. after 1917. The theory of 
automatic regulation began to develop intensively in the years of 
the pre-war five-year plans in connection with automation of pro- 
ductive processes, large electric power installations, etc. 

As a result of the practical work of various organisations in indi- 
vidual branches of engineering it became clear that the principles 
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of design and the methods of investigating various automatic systems 
intended for the control of processes differing in their physical nature 
have a common theoretical basis. In addition, it became clear that 
in the majority of cases it was necessary to electrify the control 
systems of all processes, including mechanical processes. It was 
necessary to generalise the individual experience of various organisa- 
tions, to coordinate all work on automation in the U.S.S.R. in 
a single center, to turn attention to the necessity of theoretical 
treatments for the perfecting of the general scientific foundation for 
the design of automatic systems. 

In this connection a unified commission for remote control and 
automation was established in 1934 at the Academy of Sciences of 
the U.S.S.R., having 18 sections in the individual fields of the 
national economy. This commission began to publish the bi-monthly 
journal “Automatika i Telemekhanika”’ (“Automation and remote 
control”) in 1936. 

The Academy of Sciences of the U.S.S.R., taking part in the 
general preparation for assembly of the third five-year plan, at its 
session of March 1936 included among the eight key problems the 
development of means of automation and remote control and also 
the founding a single scientific basis for this work. One of the scientific 
bases for these developments was the theory of automatic regulation. 

The most prominant representatives of this science at that time 
were Ivan Nikolaevich Voznesenskii, Corresponding member of the 
Academy of Sciences of the U.S.S.R and Academician Viktor 
Sergeevich Kulebakin. Important works on the theory of regulation 
in the early period were also those of K. E. Rerikh in 1924, E. L. Ni- 
kolai in 1928, Ia. I. Grdin in 1931, G. N. Nikol’skii in 1934, P. S. Zhda- 
nov and A. L. Lebedev in 1934, and others. 

From 1934 such a large number of works on automatic regulation 
have appeared that their listing would take up very much space. 
Therefore, referring the reader to the detailed bibliography published 
in the journal “Automatika i Telemekhanika”’ No. 5, 1948 and 
No. 6, 1949, we shall mention here only the most important contri- 
butions to the development of the theory of automatic regulation. 

V. S. Kulebakin founded his school in the field of electrical automa- 
tion and regulation whilst I. N. Voznesenskii founded a school in 
the field of the regulation of heat and hydraulic machines. 

In 1940 the first All-Union Conference on the theory of automatic 
regulation was held, summed up the results and marked out the 
further course of development of this important young science. 

In 1942 as a result of investigation of coupled regulation systems 
I. N. Voznesenskii gave conditions for the so-called autonomous 
regulation. In 1941 in one of his reports he mentioned the idea of 
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the approximate definition of the duration of the regulation process, 
i.e. the time in which the deviation of the regulated quantity becomes 
equal to a given small fraction of the initial deviation and further 
remains smaller than it. 

In 1943 G. N. Nikol’ski proposed a method for choosing the para- 
meters of a regulation system. Independently of this in 1945 
Ia. Z. Tsypkin and P. V. Bromberg developed the definition of 
the so-called degree of stability, which is also characterised by the 
smallest absolute value of the real parts of the roots of the charac- 
teristic equation and constitutes an approximate measure of the 
state of attenuation of the transient process. 

In 1946 A. A. Krasovskii and A. A. Fel’dbaum developed the 
application of integral estimates of the quality of transient processes 
to automatic regulation systems. 

An approximate criterion of the quality of the transient response 
according to the roots of the characteristic equation was also given 
by V. K. Popov in 1947 and further developed by T. N. Sokolov 
in 1950. These questions were also considered in the work of 
V. A. Bodner. 

The effects of the relative positions of the poles and zeros of the 
transfer function of a closed automatic system on its quality were 
investigated in the work of S. P. Strelkov in 1948. 

The approximate methods of investigating the behavior of dy- 
namic systems for arbitrarily variable (bounded in magnitude) 
external perturbations developed in the theory of oscillations 
(B. V. Bulgakov) and in the theory of stability (N. D. Moiseev) 
also were reflected in the theory of regulation. An approximate 
estimate of the maximum deviation of the regulated quantity during 
the transient process for perturbations bounded in absolute value 
was considered in the work of G. M. Ulanov (1948). 

A fairly simple method was given in the work of D. A. Bashkirov 
(1949) for plotting curves of transient processes in automatic regula- 
tion systems as well as in the regulation process in the presence 
of an arbitrary perturbing function. 

The work of A. N. Kolmogrov on the theory of stationary random 
processes and V. S. Pugachev on the theory of random functions 
is very important for contemporary automatic-regulation theory, 
permitting investigation of the effects of random external forces on 
the dynamic system, if their probability characteristics are given. 

Finally, a somewhat special branch of the theory of regulation 
is the study of systems based on the principle of regulation with 
respect to the perturbation. It was developed in the works of V. S. Ku- 
lebakin and N. N. Luzin, beginning in 1940. A representative of 
this direction was also G. V. Shchipanov. Aleksander Vasil’evich 
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Mikhailov proposed in 1936 and published in 1938, in the work 
“The method of harmonic analysis in the theory of regulation” 
(Reference 8), results which signalised the start of the development 
and application of new methods in the theory of automatic regu- 
lation. 

This work established basically three new techniques. Firstly, 
Mikhailov proposed an original and fairly simple new stability crite- 
rion, now known as Mikhailov’s criterion. Secondly, he described 
and proved mathematically the possibility of employing a frequency 
criterion of stability for the investigation of automatic regulation 
systems; in this he substantially generalised the frequency criterion 
which was proposed. Nyquist in 1932 for the investigation of electro- 
nic feedback amplifiers. Frequency methods were not generally used 
in calculating regulation systems before Mikhailov. Thirdly, Mikhailov 
founded structural analysis on the basis of the classification of the 
circuits of automatic regulation systems according to their dynamic 
properties. At the present time all three ideas have obtained ex- 
ceedingly wide application and development in the works of many 
Soviet scientists and engineers. Mikhailov’s stability criterion has 
been found more convenient in many cases than the well-known 
Hurwitz criterion. 

A large role in the development of frequency methods in the 
theory of regulation was played by the works of V. V. Solodovnikov. 
In a number of articles, beginning in 1939, he proposed and developed 
frequency methods of investigating the character of the transient 
response in regulation and following. These works concerned ap- 
proximate estimates of the quality of a system from the form of 
the frequency characteristics of a closed system and from the form 
of the real frequency characteristic of a closed system, applying 
logarithmic frequency characteristics to the analysis of stability 
and quality and for the choice of the system parameters. 


The method of constructing the transient response curve using 
frequency characteristics is due to V. V. Solodovnikov (Reference 11). 

The application of frequency methods to servomechanisms was 
also considered in the works of K. S. Bobov. 

The use of frequency methods for the solution of problems on 
the influence of random external forces on a closed automatic 
system, presented in the monograph of V. V. Solodovnikov (Refer- 
ence 12), is important at the present time. It is also necessary to 
note the works of B. N. Petrov and B. V. Bulgakov on the structural 
analysis of automatic systems. 

i _A. A. Sokolov, who died in 1941 in the battle of Leningrad, es- 
tablished in 1940 a criterion for the stability of automatic regulation 
systems with distributed parameters and described a general method 
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for plotting the stability regions for linear systems with distributed 
and lumped parameters. In the absence of distributed parameters 
Sokolov’s criterion degenerates into Mikhailov’s criterion, mentioned 
above. A detailed working out of the application of Mikhailov’s 
criterion to systems with delay was carried out by N. N. Miasnikov 
in 1949. 

In 1948 Iu. I. Neimark developed in greater detail the method 
described by A. A. Sokolov for plotting the stability regions of 
linear systems. In essence this is a plot of the stability regions ac- 
cording to Mikhailov’s criterion (see Section 34). It is interesting to 
note that a similar idea was developed earlier by V. 8. Vedrov. 

In 1941 N. G. Chebotarev gave an algebraic investigation of the 
stability of systems with delay and systems with distributed para- 
meters. Similar ideas were substantially developed by L. S. Pontria- 
gin in 1942, giving several important theorems in this field. An 
algebraic method of investigating such systems was also proposed 
later by Iu. V. Vorob’ev. 

In 1941 V. V. Solodovnikov described the application of the 
frequency stability criterion to systems with distributed parameters. 
In 1946 Ia. Z. Tsypkin developed in detail the frequency method 
of investigating systems with delay and systems with distributed 
parameters. 

A somewhat specialised division of the linear theory of automatic 
regulation is the investigation of pulse (discontinuous) regulation 
systems. Aside from the above-mentioned early works of N. E. Zhu- 
kovskii in this field we should note the work of Iu. G. Kornilov 
(1941), in which linear difference equations of the system are assembled 
and the stability conditions studied. 

In 1949 Ia. Z. Tsypkin, employing the discrete Laplace transform 
and frequency characteristics, found procedures for investigating 
pulse regulation systems analogous to the methods of investigating 
linear continuous regulation systems. 

Non-linear problems. Aleksandr Aleksandrovich Andronov was 
a leading scientist in the field of solving non-linear problems of 
the theory of regulation. He founded a scientific school in this field. 

A. A. Andronov proposed and his pupils developed a method of 
point transformation. Individual problems were solved by this 
method in the works of A. A. Andronov, N. N. Bautin, and A. G. Maier 
(1944-1947). The method is based on the geometric interpretation 
of the behaviour of a dynamic system in the form of the motion 
of a generating point in phase space and on the analysis of the entire 
set of phase trajectories with introduction of a certain time para- 
meter. Important works in this field are due also to V. V. Petrov 
and N. A. Fufaev. 
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In applications of A. M. Liapunov’s theorem to the investigation 
of non-linear regulation systems an important role was played by 
the works of A. I. Lur’e. In a work by A. I. Lur’e and V. N. 
Postnikov (1944) Liapunov’s method was applied to the solution of 
a special non-linear problem. The results of A. I. Lur’e obtained 
in this field in recent years have been collected in his monograph 
(Reference 20). An exact analytic definition of self-oscillations in 
relay systems is also given there. 

Another important category of methods are the approximate 
methods issuing mainly from the works of N. M. Krylov and N. N. Bo- 
goliubov in 1934 and 1937 (References 5 and 6). These methods 
are the most effective at the present time in practical calculation of 
non-linear automatic regulation systems. A similar method was 
developed in the works of B. V. Bulgakov, beginning in 1942. His 
method was followed by A. M. Letov (1948). A frequency variant 
of one of the Krylov-Bogoliubov methods was developed by 
L. S. Gol’dfarb. In the present book another variant is given of 
the use of the Krylov-Bogoliubov methods in combination with the 
method of plotting the stability regions according to Mikhailov’s 
criterion. The development of approximate methods was also con- 
sidered in works by many other scientists (V. A. Kotel’nikov, 
V. A. Bodner, G. S. Pospelov, N. V. Butenin and many others). 
A more exact frequency method for the the simplest form of non- 
linear system—a relay system—was developed recently by 
Ia. Z. Tsypkin. 

In the above mentioned work of D. A. Bashkirov a graphical 
method was developed for plotting the transient curve also for 
non-linear automatic regulation systems, for systems with delay 
and for systems with variable parameters (i.e. for equations with 
variable coefficients). 

This short historical survey does not pretend to completeness 
with respect to discussing the work of domestic scientists and does 
not reflect the work of foreign authors. 


CHAPTER V 


LINEARISATION AND TRANSFORMATION OF THE 
DIFFERENTIAL EQUATIONS OF AN AUTOMATIC 
REGULATION SYSTEM 


18. Linearisation of the equations. Liapunov’s theorem on the stability 
of linearised systems 


In setting up the differential equations of motion of any automatic 
system, the system is divided into individual parts as described 
above, and the equations of each part are written individually. 
The equations of all the parts form a system of equations which 
may be transformed to a single equation (5.1) or (5.6) by elimination 
of the intermediate variables. 

The cquation of a part should be set up so that it expresses the 
relation (in the dynamic process) between those quantities which 
are indicated at the output and input of the part of the system 
under investigation, i.e. between those quantities which represent 
the effect of the given part on the succeeding part in the system 
and those which represent effect of the preceding part on the given 
one. The dynamic equation of an individual part is written according 
to the rules of the corresponding branch of engineering science 
(a part may be a heat engine, electric motor, mechanical transmission, 
electric network, electronic circuit, etc.). 

The part may sometimes have more than one input quantity 
(for example, in the presence of auxiliary feedback). Aside from 
the input and output quantities of the part, which express the in- 
ternal connection between parts of a given system, external forces 
may be present. 

Let, for example, the element (Fig. 91a) of some automatic system 
have input quantities %1, £2, output x, and external force f(t), while 


the dynamic equation of the element has an arbitrary. non-linear 
form* 


F (2, £o, 42, Da, Èa, Hy, Za) = 9(f, f) (18.1) 


* If the equation bas time-variable coefficients the function F also includes t 
in explicit form. Linearisation is carried out in the same way. 
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(for the example a definite order of the derivatives of x, £4, f entering 
into the equation is taken; in general there may be here any other 
arbitrary arrangement). 

Let us assume that the steady-state of the system occurs for 
certain constant values* 2, = ai, 2a = 29, Va = 23 and f= f. 





b) T 
(a) j (b) 2 i 
z? 
? 
0 
Fic. 91 


Then from (18.1) the steady-state equation for the given element 
will þe: 
F(a, £0, % 0, 0, 0) = 9(f*, 0). (18.2) 


The assumption that in the dynamic process under investigation 
the variables (in this case ®ı, %, %4) vary in such a way that their 
deviations (from the steady-state values 2?, #2, 23) remain for all 
time sufficiently small (Fig. 91b) lies at the root linearisation of 
the non-linear equations. 

Let us denote these deviations by Am,, Av, Avs. Then in the 
dynamic process we have: 


mlt) = a} + Az (t) » a(t) = a + Aa,(t) ’ ia = Ax, , 
&a(t) = as + Am(t) , ža = Ata, Ë, = Äta, Da = Azs . 


Sufficiently small dynamic deviations of the variable from certain 
steady-state values are usually satisfied in automatic control systems 
and servomechanisms. This is required by the very concept of opera- 
tion of a closed automatic system. 

The external force f is independent of the operation of the auto- 
matic system, its variation may be arbitrary and therefore the 
right-hand side of equation (18.1) is usually not subject to linearisa- 
tion (in individual cases even this may be linearised). 

First method of linearisation. Let us expand the function F, on 
the left-hand side of equation (18.1), in a power series in small devia- 
tions, considering all derivatives also as independent variables. Then 
equation (18.1) takes the form 


(18.3) 


* The same method of linearisation is also used for variable values x(t) » w(t) 


s(t), f° (2). 
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F(ah, a, 0, as, 0, 0, o+ (E | Aan (E 7) am (PE) Az, 
On On, 3L 


OF\? ... 
Fal ae (is) ad fis) ia G) = 
+ (higher order infinitesimals) = 9(f, f), (18.4) 


F\° F ; 
where ea for conciseness denotes the quantity 7 taken for 
1 1 


D, = D, Ba = 2, Èa = 0, D, 3 Da = 0 (ie. it is necessary to take 
the partial derivative of the function F with respect to ~, in general 
form, after which it is necessary to substitute their constant values 
ai, £2, 0, 29, ..., O in place of all variables). 

Consequently, all partial derivatives in equation (18.4) represent 
certain constant coefficients. They will be time variables, if the 
function F contains t in explicit form or if the steady-state process 
in the system is defined by the variable values 2{(t), x(t), æs(t). 

Terms of higher order infinitesimals, indicated in equation (18.4), 
consist of the products and powers of the small deviations Az, ... 
with coefficients in the form of mixed partial derivatives and partial 
derivatives of second and higher order of the function F with respect 
to all variables. 

Subtracting from equation (18.4) termwise the steady state (18.2) 
and dropping terms of higher-order infinitesimals, we obtain the 
required linearised equation of motion of the given element in the 
form 

Ca a) a oe 
On, OX, 02, 02, 


+ (FE) a+ (=) + (= =| Ax, 
OX, OX, dary 
=9(f; f\—9(f?, 0). (18.5) 

This differential equation, just as the previous one (18.1), describes 
the same dynamic process in the same element of the automatic 
system. The difference between these two equations consists in 
the following: 

(1) this equation is more approximate, since in its derivation 
higher-order infinitesimals were dropped; 

(2) the unknown functions of time in this equation are not the 
previous total quantities 7,, ®2, 2, but their deviations Az,, Az,, Ag, 
from certain steady-state values æf, 22, 233 

(3) the equation obtained is linear with respect to the deviations 


Az,, AT, Aa,, Aa, ..., Av, with constant coefficients (= c}, pa hye 
2 
or with variable coefficients if F contains t explicitly or if the steady- 


state process is defined by variable quantities a(t), w3(t), æs(t). 


152 The Dynamics of Automatic Control Systems 


Thus, the aim of obtaining a linear differential equation in place 
of the non-linear one has been achieved. Equation (18.5) is termed 
the differential equation of the element in deviations. Carrying out 
the same procedure for all elements of the system, we obtain as 
a result the linearised equations of the regulation process in devia- 
tions (or, as they are sometimes termed, “‘variational’’ equations). 


0) 17% 


C az; 
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In what follows it will be possible to carry out linearisation of 
non-linear equations directly by analogy with formula (18.5), without 
the preliminary calculations. 

Let us present a geometric interpretation of this method of lineari- 
sation. We shall represent the dependence of F on m, graphically 
with constant values of all remaining variables: T = £2, i = 0, 
Dy = 23, ty = #, = = 0. Let this dependence have the form of 
the curve shown in Fig. 92a. We mark the value a{ and plot the 
tangent. Then 
aF \? 
(=) = tana, (18.6) 
where « is the slope at the point C(x}, F^), if we put 

F° = F(a}, 22,0, 23,0, 0,0). (18.7) 


The substitution 2, = a}+Az, and the cancelling of the term 
(18.7), previously carried out analytically, are here equivalent to 
the transfer of the origin of coordinates to the point C (Fig. 92a), 
as a result of which the graph of Fig. 92b is obtained. 

The first term of the linear equation (18.5), in accordance with 
(18.6), indicates that the linearised equation may be interpreted 
geometrically as the replacement of the initial curve CB by its 
tangent at the point CD. From the graph of Fig. 92b it is obvious that, 
firstly, this substitution is the more exact, the smaller the magnitude 
of deviation Az, with which we are concerned in the given dynamic 
process (the basic assumption for linearisation), and, secondly, the 
limits of the deviation Ag, for which linearisation is permissible 
are the wider, the closer the curve CB to the straight line CD. This 
last condition is determined in practice in each problem by the 
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boundaries within which the deviation may be considered “sufficiently 
small”. 

In a number of problems the difference from linearity shown in 
Fig. 92b is so negligible that even in relatively wide ranges of devia- 
tion Ax, the system may be considered linear. With a strongly curved 
dependence linearisation will be valid only in a correspondingly 
narrower range of deviation Az,. Linearisation may be completely 
inadmissible with discontinuous functions (relay characteristics, dry 
friction). Such a form of dependence is termed essentially non-linear. 

It is important to note the following: if for the above reasons 
only a single element of the system or even only a part of a function F 
in the left-hand side of the equation of a given element cannot be 
subjected to linearisation, then linearisation of all remaining non- 
linear dependencies should be carried out, leaving only the essentially 
non-linear ones. 

Second method of linearisation. From the above geometric illus- 
tration there follows a second method of linearising the equations 
of an automatic control system which is very frequently applied 
in practice. This method consists in replacing, at the start, all curved 
dependencies employed in composing the equations of the element 
by rectilinear ones, ie. by the tangents at the appropriate points 
of the curve. Then the equations of the element will be immediately 
found to be in linear form (see for example, Section 26). 

Standard form of linearised equations of the circuits of an auto- 
matic system. At the present time in the theory of automatic regu- 
lation it is usual to write the dynamic equations of the elements so 
that the output quantity and its derivative are on the left-hand 
side of the equation while the input quantity and all remaining 
terms are on the right-hand side. In addition, it is customary that 
the output quantity itself enter into the equation with unity coef- 
ficient. To reduce the linearised equation (18.5) to such a form, 
we introduce the notation: 
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Then equation (18.5) takes the form (in symbolic operational 
notation): 


(Tip + Tip’ + Typ +1)a5 = kyAv,+(kg+hip)Aatfi(t), (18.9) 


where positive signs are conventionally employed throughout 
but at any place there may be a negative sign since k,, ke, kz, 
T,, T2, T3 denote the absolute values of expressions (18.8). 

If the non-linear function F does not contain the quantity a, 
but contains only its derivatives, i.e. if 
(= vs 0 


aa, ; 


then in formulae (18.8) the entire division will be carried out not 


0 0 
by (Z) , but by (E and we obtain the equation 


Ty És 
(Tip + Typ +1)pAa, = k An, + (k+ hep) Aza + f(t), (18.10) 
where 
n- -rE 
1 —_— ads e ads 9 2 — a, . (5 9 ee 














The standard form of notation (18.9) and (18.10) of the constituent 
equations of automatic systems may be applied both to the di- 
mensional deviations of the real input and output quantities of the 
element as well as to arbitrary dimensionless relative deviations, 
sometimes introduced especially to simplify the form of the equations 
and for convenience of their investigation (see examples in further 
chapters). 

In such a standard form (18.9) or (18.10) the coefficients kı, ka, ks 
are termed the transfer factors or gain factors of the given element 
and T,, Z,, T; its time constants. In the notation adopted (18.8) 
these are positive numbers before which may be either plus or minus 
signs in the element equation (18.9) itself (in individual cases it 
is convenient to consider that the transfer factors and time constants 
themselves may take on negative values). 

The significance of this terminology is that if only a constant 
value Az} is applied to the input of the element and the steady- 


state value of the output quantity Az§ is found, then from (18.9) 
we obtain: 

Azs == kz) , 
i.e. the factor k, indicates by what factor the steady-state value 
of the input quantity changes in passage through the given element 
to its output. This also explains the significance of the term ‘“‘transfer 
factor” or “gain factor”, both terms mean exactly the same in 
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each particular case but ordinarily that one is used which better 
suits the technical problem solved by the given element. 
Consequently, “the transfer factor”, or the “gain factor”, defines 
the slope of the linear static characteristic of the element (Fig. 93a). 
We note that non-linear characteristic of an element (for example, 
Fig. 33) is frequency termed a characteristic with variable gain 
factor with respect to the input quantity. From (18.8) it is obvious 
that 
dimensions of the output quantity Az, 


i i f ie a aera apr WER DEEN sane, FEE SRT PRET E ETL FETTER GRRE) 
Cimensiony Ob Fi = mensions of the input quantity Az, 


aT; 
tan) 4 
A Az, 





The quantities 7,, Ta, Ta, termed “time constants” have, as is 
evident from (18.8), the dimensions of time (seconds). Physically 
their significance may be explained by a simple example. Let there 
be applied to the input of the element a step of constant value Aa} 
(Fig. 93b). It is required to find the curve of the transient in the 
element if the circuit has only a single time constant Tı, while the 
others T, = T, = 0. From (18.9) the equation of the transient process 
in this case will be 


(Typ +1) Aa, = kAc}-1(t) . 
Directly after the step we obtain the equation (¢ > +0): 
(Typ +1)Ag, = kri (18.11) 
with the initial condition Av, = 0 at t = +0. Its solution will be: 


1 
Ag, = k,Ari(l—e Ti), (18.12) 
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i.e. the curve of the transient has an exponential form (Fig. 93c). 
If we consider the transient to terminate when the difference 


Aza — Az,(t) = 5% Azs, (18.13) 
then from (18.12) it is easy to calculate the duration of the transient 
t = T,1n20 ~ 37, (18.14) 


(if a precision of 5 per cent is insufficient and it is desired to have 
1 per cent, the duration will be ¢, = 4:6 T,). 

The element time constant 7, thus defines “the inertia’’ of the 
given element i.e. the time required to establish the output quantity. 
It should be recalled that this concerns only an isolated element. 
In the assembly of a closed automatic system the transient in the 
given element may be completely different. 

If we have T, = T,= T,0, i.e. the equation of motion of the element 
(18.9) has the form (in the presence of a single input quantity) 


Ax, = k, Ax, ? (18.15) 


any arbitrary input action will be instantaneously transmitted to 
the output without a transient. Such an element is termed an ideal 
element. 

If in the equation of the element (18.9) there are two time constants: 
T, and T, or three: Ti, T}, T,, the transient in the individual element 
will be somewhat more complicated than (18.12); it may even be 
oscillatory. But again the duration of the period of establishment 
of the output quantity Azs (duration of oscillation) will be dependent 
on the magnitudes of the time constants 7,, Tz, T3, i.e. they charac- 
terise the non-idealness of the given element in transmission of the 
input action. 

The dynamic properties of different types of elements will be 
discussed in greater detail in the following section. 

Liapunov’s theorem on the stability of linearised systems. Thus, 
the linear equations of real automatic systems are always obtained 
as a result of some linearisation, i.e. as a result of dropping terms 
containing second and higher powers of the deviations of the variable 
and their derivatives. We may pose the question: to what degree do 
considerations of the stability of such a linearised equation correspond 
to the stability of areal system? Do not the neglected terms influence 
the stability of the system? 

A. M. Liapunov (Reference 3) gave many theorems and methods 
for investigating stability and the gencral behaviour of dynamic 
systems in various cases which are difficult to analyse by normal 
methods. The best known are his methods for studying non-linear 
systems (see Section 57). Here we shall be interested only in the 
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following theorems of Liapunov on the stability of linearised systems 
(or, in Liapunov’s expression, on the validity of investigating stabi- 
lity in the first approximation), which we present without proof. 

1. If all the roots of the characteristic equation of a linearised 
system have negative real parts, both the actual and the linearised 
systems will be stable, no addition in the form of terms of second 
and higher powers of the variables and their derivatives can “spoil” 
the stability of the system. 

2. If the characteristic equation of a linearised system has at 
least one root with positive real part both the actual and the linear- 
ised systems will be unstable i.e. no addition in the form of terms 
of second and higher powers of the variables and their derivatives 
can give stability to the system. 

3. In the presence of zero and at least one purely imaginary root 
the behaviour of the real system cannot always be determined even 
qualitatively by its linearised equations. In a number of cases addi- 
tions in the shape of terms of second and higher powers of the vari- 
ables and their derivatives may fundamentally change the character 
of the dynamic response of the system. 

Therefore in general we cannot judge from the linearised equations 
what takes place at the limit of stability of the system (i.e. with 
zero or purely imaginary roots). But we shal] be interested in the 
study and design of just such automatic systems which should be 
stable and sufficiently far from the boundary of stability. 

With this in mind we shall in general not be interested in the 
behaviour of systems having zero and purely imaginary roots, simply 
considering that the latter correspond to the limits of stability which 
should not be approached in the design of automatic systems. It 
is important that by virtue of Liapunov’s first two theorems the 
position of the boundary of stability of a real system is found, exactly 
from its linearised equations, if, of course, the system is subject 
to linearisation. These theorems of Liapunov are the mathematical 
foundation of the entire linear theory of automatic regulation, 
since, strictly speaking, we are concerned in engineering not with 
purely linear but with linearised systems (although in what follows 
we shall always call them for conciseness linear systems). 

It is very important to bear in mind that these theorems of Lia- 
punov are valid only when the linearisation is carried out by rule 
(18.5) i.e. when all the non-linear functions have (at least) finite 
continuous single-valued derivatives in the neighborhood of the 
steady state points of the process. Therefore they do not concern 
stepwise and polygonal functions, and the neglect of such essential 
non-linearities as dry friction, relay characteristics, zones of in- 
sensitivity, etc. may frequently substantially change the position 
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of the boundary of stability. From this there follows the practical 
importance of taking into account certain forms of non-linearity 
in calculating an automatic system. 

In addition, we remark that these theorems of Liapunov concern 
only the stability of the system without touching the transient 
process. Even a smooth form of non-linearity neglected in linearisa- 
tion can sometimes have a very strong influence on the transient 
response, ie. on the dynamic system errors. 


19. Types of elements in automatic systems and their characteristics 


The types of elements in automatic regulation systems (independ- 
ently of their design and physical nature) are distinguished by their 
dynamic properties, i.e. by the form of the differential equation 
of motion which is most important for the theory of regulation 
and for technical calculation of closed automatic systems. 


Classification of element types. Let us consider different variants 
of the equations of not higher than second order of elements in 
standard form (18.9) which are most frequently encountered. 

When p is a common factor of the left-hand side, as for example 
in (18.10), it is necessary to divide it into the entire equation. If 
an element is encountered in practice with an equation not included 
in this classification, its dynamic properties may be investigated 
individually by the same technique. 

Let us denote the input and output quantities of the element by 
x, and #,. Different forms which may be encountered in the left 
and right-hand parts of the equation of motion of the element are 
given in the form of a table (see p. 159). 

It is assumed that the equation of the element may be represented 
as an equality between left and right-hand parts taken from any 
rows of the table. In addition, to the right-hand side of the equation 
of any element may be added an external perturbation function. 

The table also gives the designations of the elements. In general 
the designation of an element is composed of the two designations 
corresponding to the left and right-hand parts of its equation. In 
the structural diagrams of automatic systems the elements are 
usually characterised by their transfer functions 


R(p) 

Q(p)’ 

where R(p) and Q(p) are the operational polynomials standing in 

the right and left-hand parts of the element equation respectively. 
For example, if some element in a real system is described by 

the equation 


Wp) = 





(Typ +1)e, = (k+k'p+k’p*)a, , 
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TABLE OF ELEMENT TYPES 


























No Element Left-hand side || Right-hand side Element No 
designation of equation of equation designation 
1 Ideal Te ka, Simple 1 
2 Aperiodic (Tip + 1)z, kpr, Differentiating 2 
3| Aperiodic of k Tı Integrating 3 
second order p 
(Ti 2 27,) (Tip + 
pt | T 1 a S S| S 
4 Oscillatory Thera (k+k’p)a, With introduction| 4 
(T, < 27;) of derivative 
5 Harmonically (Tip + 1)z, t 1 With introduction| 8 
oscillating a+ k m Ti of integral 
6 Unstable (T.p—1)2, F 1l With introduction | 6 
aperiodic k+k'p+k P Tı | of derivative 
and integral 
7 Unstable (k+k’p+k’p?)a, | With introduction| 7 
oscillatory of two derivatives 
sce ape eae ONES Lee ee) hae 
8 (Unstable aperiodic! ~ Tip + l)a bak. With introduction] 8 
of second order tep+ of two derivatives 
(T, > 27,) l and integral 
+K”p +k, z) Tı 
P ——— 
9 [Unstable aperiodic (Tip + klai ty t+...) Summation 9 
of second order | + 71P—1)% 
on T, and T aara — h as- aa aeaa li 
10 P ’ (Tip — k (Z1 — To.) With inclusion |10 
—T,p—1)2, of feedback 
(negative) 


then, according to the table, from its dynamic properties this element 
is termed an aperiodic element with introduction of two derivatives. 
The derivatives in the right-hand side of the equation may either 
be applied to the input of the element or be formed in the given 
element. In the structural diagram they are denoted as shown in 
Fig. 94a. 

If the equation of the element has the form 


(Tip +1)a, = kr, 
the element is termed simple aperiodic (Fig. 94b). The word “simple” 


in the table next to ka, may be omitted since simple elements of 
all types are encountered most frequently. 
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An element described by the equation 
T = kpa, 
is termed ideally differentiating (Fig. 94c). An element with the 
equation 
(Tip +T pHa =kin (T, < 2T) 





(a) (b) 
I, krki | Lp T i k D 
hel p+ 
(c) (d) 
ZJ pL 2 ges 2 
(Ppp 
Fia. 94 


will be oscillatory integrating. The last equation may be written 
in the form* i 

(Tip + T,p +1) pa, = ka, ’ 
which is adopted in denoting the given element in the diagram 
(Fig. 94d). 

All the recommended designations correspond to the actual dy- 
namic propeities which these elements have in automatic regulation 
systems. Let us consider these dynamic properties of all types of 
elements. 

Right-hand side of element equation. The right-hand side of the 
equation shows to what the given element “reacts”? and with what 
gain factor (or transfer factor) the input quantity is transferred 
to the output. 

The first eight forms of right-hand sides (see table on p. 159) 
relate to such elements as react respectively: 

(1) only to the input quantity itself (simple element according 
to the table nomenclature); 

(2) only to the derivative of the input quantity (differentiating 
element); 

(3) only to the integral of the input quantity (integrating. element); 

(4) to the input quantity and its derivative (element with intro- 
duction of derivative); 

(5) to the input quantity and its integral (element with intro- 
duction of integral); os 

* It is expedient to proceed in writing the equation of any integrating element 


and any element with introduction of the integral so as not to have a fraction 
with the letter p in the denominator.. 
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(6) to the input quantity, derivative and integral (element with 
introduction of derivative and integral); 

(7) to the input quantity, first and second derivatives (element 
with introduction of two derivatives); 

(8) to the input quantity, the first derivative, second derivative 
and integral (elements with introduction of two derivatives and 
integral). ' 

Other types, for example, introduction of the second derivative 
without the first, different signs for the coefficients k, k', k”, k, 
inside the parenthesis, will not be considered typical. They are 
rarely encountered. The common minus sign before the right-hand 
part, which may be encountered frequently, has no influence on 
the element dynamics. 

The last two forms of the right-hand sides presented in the table 
relate to the following cases: 

(1) form 9 includes two or more input quantities s, y, 2, ete. 
which are applied simultaneously in the basic network to the input 
of a single element (summation element); 

(2) form 10—in addition to the quantity 2,, applied at the input 
of the given element from the fundamental network, a further 
quantity zp is applied from the feedback network (element with 
inclusion of feedback). 

Lefi-hand side of element equation. The left-hand side of the 
equation containing the output quantity and its derivatives indicates 
how fast and exactly the given element transmits the signal arriving 
at its input (in the form of the right-hand side). The absence of 
derivatives in the left-hand side corresponds to ideal transmission 
while their presence denotes either non-instantaneous transmission 
with distortion at the start of the process, having an aperiodic or 
oscillatory character, or in general the impossibility of transmission 
as a result of instability of the element. 

Let us demonstrate this by construction of the so-called time 
characteristics (or, in other words, transient functions) for various 
types of element shown in the table (according to the forms of the 
left-hand sides of their equations), individually. 

Time characteristics (transient functions) of simple elements. By 
time characteristic of an element we understand the variation of 
the output quantity as a function of time 7, = m(t), which is obtained 
when the input quantity is applied in the form of a unit step 7, = 1(2) 
(Fig. 95a) with zero initial conditions at the output 2. The time 
characteristics are also called the transient functions of the element. 
Let us consider the time characteristics of simple elements when 
the left-hand side of the element equation may take various forms 
and the right-hand side only ka,. 
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The ideal element 
Ly = ke, 
transmits instantaneously and without distortion to the output 2, 
any value taken on by the input quantity ~. Its time characteristic 
is shown in Fig. 95b. 
The aperiodic element 


(Tip +1)a, = ke, 





Fria. 95 à 


with the initial condition ®%, = 0 (for t <0) and with a unit step 
of the input quantity gives at the output 


Ly = k(1—e 7) i (19.1) 


This time characteristic is shown in Fig. 95c. We have already con- 
sidered this solution in Section 18. In particular, the time ¢, for 
establishing the value of #, = k to within 5 per cent or 1 per cent 
was calculated there: 


t =3T, and t,=—467,. (19.2) 
We note that the derivative at any point A (Fig. 95e), taking 
into account (19.1), will be: 


1 
‘iy = Fen z “a . (19.3) 


1 





But since in Fig. 95¢ we have 
AB = k—x, and tan«e=%, 
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then from (19.3) the tangent at any point A of the exponential 
(including the origin of coordinates) intercepts on the straight line 
a = k a segment BC, equal to the time constant T, of the given 
circuit. 

It is obvious that the larger the time constant, the more slowly the 
establishment of the output quantity 7,=k proceeds. The constancy 
of the length of projection of the tangent on the line 7, = k charac- 
terises “uniformity of attenuation” which is a property of the ex- 
ponential. This property is employed in determining the time con- 
stant T, from experimentally recorded curves of the transient response 
x(t) of the element. In place of plotting the tangent, which may 
be connected with substantial error, sometimes T, is defined as 
the time during which the output quantity s, takes on the value 
Z = 0-63k which corresponds to the point t = 7,, since here from 
(19.1) we have 

t= k(1— e) = 0-634, 

Frequently such an element is called, instead of aperiodic, inertial, 
single-capacitance or relaxation, attempting to express by these terms 
the dynamic properties of the element which have been described 
above. In further discussion we shall retain the first designation 
(aperiodic element). l 

A second-order aperiodic element is described by the equation 


(Top? + Tip +1)%, = ka, 

under the condition T, >27,. Its time characteristic (Fig. 95d) 
is obtained by solving this equation for s, = 1(t) with initial con- 
ditions 2, = % = 0 at t = 0. The roots of the characteristic equation 
will be here real and the solution may be represented in the form 

T’ N 11 ek! 

= Sg Py Lg T 
Ta = (1 rere + ape ; (19.4) 
where T’ and T” denote the time constants of the component ex- 

ponentials having the values 


+ 273 tt 273 
ar, ee 

T,—V 47% T,4V 1-47? 
Calculating the first and second derivatives from (19.4), we find 
for the point of inflection of the curve the following values: 





, ” 4 
Loi =k (1-2 if or) ’ 
i k -8 k-i; 
tana; = tz = TF? T = ler" 


12 
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i.e. the tangent at the point of inflection intercepts on the straight 
line 2, = k the segment BC, equal to the sum of time constants 
T + T” (Fig. 95d). 

In the limiting case when T, = 27,, the time characteristic will be 


t 
t =k h- (1 + T) em] ; (19.5) 


This has the same form (Fig. 95d), where the point of inflection 4 
is defined by the coordinates 


2 ; k aaack 
t; = == = Ty ty = k (1-3) = 0:264k; ly = Tee = 0°368 T, < 
Sometimes the second-order aperiodic element is termed the two- 
capacitance circuit. 


An oscillatory element is described by the equation 


(Tip + Typ t+1)a = ka, 


under the condition T, < 27,. The characteristic equation here 
has complex roots and the time characteristic takes the form 


a=k] [2 —e ® (cosat+ gs T sinot)|, (19.6) 


where 
yr v 2 2 
IA oo, ray fie ats (19.7) 
T, 2T 
It is represented in Fig. 95e. The quantity T’ is the time constant 
of the exponential envelope (broken line in Fig. 95e), and w is the 
angular frequency of oscillation. The non-idealness of the given 
element is expressed, consequently, in the oscillatory character 
of establishment of the output quantity. The establishment time 
(to 5 per cent) by analogy to (19.2) will be here t = 37”. 
An harmonically oscillating element 





(Tp + 1)a_ = ka, 


has a time characteristic (Fig. 95f) in the form of an unattenuated 
harmonic oscillation with constant amplitude, i.e. 


Ly = k (1—cos z) 3 


For an unstable aperiodic element 
(Tip —1)a, = ka, 
the time characteristic (Fig. 95g) will be: 


t 
2, = k(eTi—1). (19.9) 
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Here in general a definite value will not be established at the 
output. 
An unstable oscillatory element 


(T3p°—Typ+1)a, = ka, (T, < 2T,) 
has the time characteristic 


t 
Dy =k £ — eT (cos aot — mein at)| j (19.10) 


shown in Fig. 95h. We have here divergent oscillations. 
Unstable second-order aperiodic elements may have in the left- 
hand side of the equation one of three expressions: (8), (9), (10), 


5 (b) g 


fa) 
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presented in the table of typical elements. Here, as in the case of 
Fig. 95g, we obtain unbounded aperiodic deviation of the output 
quantity from the steady state value. 

Time characteristics of non-simple elements. Let us find certain 
time characteristics (transient functions) of other elements—non- 
simple—for which the right-hand sides of the equations, in distinction 
to the above simple elements, do not contain kæ, or not only ka,. 

An ideal differentiating element 


®, = kps, 


with the input ~, = 1(t) gives at the output an instantaneous 
impulse x, = k’1'(t), which consequently is the time characteristic 
of the given circuit (Fig. 96a). 

The ideal integrating element 


L = KS or pit, = ka, 


has a time characteristic (for x, = 1(t)) in the form of a straight 
line 2, = kt (Fig. 96b). 
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An oscillatory element with introduction of the derivative 

(Tip + Typtl)a,=(k+k'p)ay (Ty < 27,) 

under the force 2, = 1(t) is described by the equation 


(Tip +T,ptl)m=k (T,<2T,) (19.11) 
with initial conditions from (6.23) in the form 
2, = 0, ae at t=+0 (19.12) 
T? 


(directly after the step). The time characteristic of the given element 
(Fig. 96c), defined by solution of this equation, will be: 


1 K 
oT kot 
where the time constant of the exponential envelope T’ and the 
frequency of oscillation w have the values (19.7). This time charac- 
teristic (Fig. 96c) differs from that of a simple oscillatory element 
(Fig. 95e) only in that here at the origin of coordinates there will 
be an inclined tangent. 

An oscillatory element with introduction of two derivatives 


Tip + Tip +1)a = (k+k'p+k" pe, (1, < 27.) 
has a time characteristic (Fig. 96d) 


t , r ' 
-7 k” 1 k’ k . l 

ak = 1—e T |[1— —| cos ot + (— — — + — sin | 
: | l ial j fez are j. 





t 
ER tjie feos at + ( ) sinas|| (19.13) 





(T’ and w as before) as the solution of the same equation (19.11), 
but with other initial conditions, in accordance with (6.23), in the 
form 

k” . kK Tk” 
= T’ tp = a T at t= +0 (19.14) 
(directly after the step). Here the time characteristic (Fig. 96d) 
has not only an inclined tangent at the origin of coordinates but 
an instantaneous step of the output quantity. 

The time characteristics for other compound elements may be 
obtained analogously. 

Amplitude-phase frequency characteristics of simple elements. Let 
us assume that the input quantity ~, of the elements is an har- 
monic oscillation of unit amplitude 2, = sin œt. Then the steady- 
state forced oscillations of the output quantity 2, of the element 
will be defined completely by construction of the amplitude-phase 
frequency characteristics in accordance with Section 8. 





La 
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An aperiodic element corresponds to the transfer function 


k 


WP = TpFi 


Therefore the expression for its amplitude-phase characteristic 
(8.16) will take the form 


k = k(1— T iiw) oe k Li kT, 
Tioti (14+ Tio)(1— Tyo) 14770? 147 
Consequently, 
U() = 


W (tw) = 


k kT, 
i I 
iira So ee 





(19.15) 
It is not difficult to verify that these expressions satisfy the equation 
of a circle o 
k\? k\? 
> k 2_ {k 
(v-z) += (8) > 


which is shown in Fig. 97a; only the lower half of the circle is shown 
since, from (19.15), to all positive values of w (0 < w < oo) there 
correspond only. negative values of the. ordinates V. 





For a second-order aperiodic element and for an oscillatory element 
ee ee 
Tip +Tp+1 


We obtain analogously the expression 


W(p) = 


. k k(1— To — Ti 

WSO) ee ee Abe ee , 
1— Tho t+ Tio (1— To F+ To 

from which 

k(1— Tow’) y- KT yw 


(1— Tee)? + Tea®? A-o) + TR?” 


(19.16) 
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Putting U = 0, we find the point of intersection of the required 
curve with the axis iV, namely, for U = 0 we have: 


This characteristic is represented in the form of the curve in Fig. 97b. 
For an harmonically-oscillatorry element we have: 


k 
W(p) = => > — 
(p) Ti’ 
and consequently, 
k k : 
W (iw) = Pe -zs U = 1- Tio? , V=0 , 


which gives two straight lines on the real axis (Fig. 97c): 
ks Us +o with O<w<-e, 
-o<U<0 with ~<aw<4+oo. 


There corresponds to an unstable aperiodic element an amplitude- 
phase characteristic in the form of a semi-circle, Fig. 97d, since here 








vigast eene 
Tii -- 1 T? @ +1 
U= ak V = EEGEN . (19.17) 
Tw aeg” To +1 
For a second-order unstable element we obtain: 
k 
Whio) = > r e 
(te) — Tew" — Tyiw +1 
_k(1— Tre") _ kL l 
O- Te)? + To T Ao To 


to which there corresponds the curve of Fig. 97e. 

Amplitude-phase characteristics of compound elements. Let us consid- 

er certain types of elements, not related to the above simple ones. 
An ideal differentiating element 


W(p) = kp 


* The amplitude-phase characteristic defines the steady-state sinusoidal 
forced oscillation of the element. In an isolated unstable element it cannot in 
practice occur. Therefore the characteristics are plotted here only theoretically 
for the later overall calculation of the system in which such elements may enter 
into the structure. 
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has the amplitude-phase characteristic 
Wio) =kiw, U=0, V=ko, 
coinciding with the positive imaginary axis (the line 1 in Fig. 98a). 
(a) 


warp lV 





= „0 W=+090 d 


Ww de wef 


pel 
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For the ideally integrating element 


Wie) -a-it, yoo, vet 

tW (a) w 
the characteristic coincides. with the negative real axis (the line 1 
in Fig. 98b). 

For an ideal element with introduction of the derivative we obtain 
the line 2 (Fig. 98a), while for an ideal element with introduction 
of the integral, the line 2 (Fig. 98b), since in the latter case 

AO 1 —— 7. k 
Wiio) =k+ki z> U =k, J oe eg 

An aperiodic element with introduction of derivative has the 
transfer function 
_ k+k'p 
W(p) = Tp+i’ 
from which 


W (ta) = k+k%w _(kt+k to)(1— Titw) : 


14 hio 1+ To? 
k+k' Tio? (k'— kT) % 
“Tener? VO IFR aes 


which is represented in Fig. 98¢ in two forms: kT, < k’—the full 
line and kT, > k’—the broken line in the form of semi-circles. 
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For an oscillatory element with introduction of derivative 








k+k'p 
W(p) = —— 
p) Tip’ + Tip+1 
we obtain 
Fy tg 2 2 ° 
Hiao es iw l Ee sey 
1— Two + Tito (1— Tou’)? + Tew 


from which we find 
_ k(1— Teo”) +k Tio" 
(1— Tle’)? + Tea® ’ 
ye _ [k7,—k'(1— Tzw o 
(1— Tio) + Tio 
The point U = 0 (intersection of the curve with the axis iV) is 
here defined by the values 


(19.19) 





ko k Vk(kT2—k’T,) 
kT2— kT,’ Toy T, i 


It exists only for kT2 > k’T,. Let us find further the point V = 0 
(intersection with the U-axis): l 


1 


This point exist only for k’ > kT. Therefore four types of amplitude- 
‘phase characteristics are possible for an oscillatory element with 
‘introduction of the derivative, as shown in Fig. 98d. Of these, curve 1 
occurs for 


kT > kT, and k <kT,, 
curve 2 for 

kT <k’T, and k’<kT,, 
curve 3. for 

kT > kT, and k’>kT,, 
curve 4 for 


kT < kT, and k >k. 


From a comparison of the curve in Fig. 97b with the curves of 
Fig. 98d, it is clearly evident that introduction of the derivative 
deforms and rotates the amplitude-phase characteristic of the element 
about the origin of coordinates counterclockwise and the more 
‘strongly, the greater the coefficient k’ of the derivative (and the 
smaller the time constant T,). This will be important for us below. 
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For an oscillatory element with introduction of the integral we 
have: 





kp +k, 
Wp) = Pt __ 
p(Tip + Tip +1)’ 


w(1— To? + Tio)’ 
from which 


_k(l-T; Ta") — Tyk, y= k(L— Tio) + Tiko” 
he (1— Me ae + Po 2) o[(1— Tea’)? + To] ‘ 
For œ =0 we have: 


U, = k— Tik, FVFa=— oœ. 











For U =0 
k—T,k k kT. 
apati, yet a Ve 
kT; Trey k— Tk 
For V =0 
2 
ete, ges aly) 
k,T.—Tyk Tyo; Tı 


As a result of this we obtain in Fig. 98e three variants of the 
amplitude-phase characteristics for this element. 

Here it is evident that introduction of the integral, in. contrast 
to the derivative, deforms and rotates the.amplitude-phase charac- 
teristics of the element clockwise and the more strongly, the greater 
the coefficient k, of the integral (and the greater the time constant T). 

For an oscillatory differentiating element, when 


k 
W(p) = -pr t- 
T 2p" +Typt+ i 
we obtain the amplitude-phase characteristic in the form of a complete 
circle of radius k/2T, (Fig. 98f), so that here the expressions 
_ kT wo” _ kA Tw") 
(1— Tee)? + Tia?’ (1— Tiot To’ 

satisfy the equation of a circle 


k k \3 
(AERA = acta 
(v aoe TE 


which is easily verified by substitution. 

It is possible by an analogous method to plot the amplitude-phase 
characteristics for any other possible combinations of left and right- 
hand parts of the element equation. 

Logarithmic frequency characteristics of simple. elements. Let us 
consider two types of simple element: aperiodic and oscillatory. 
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An aperiodic element, as is evident from the expression for its 
amplitude-phase characteristics, has the following amplitude 
frequency characteristic: 


Alo) = pails l 
Tio? +1 
The logarithmic amplitude characteristic from Section 8 will be: 
Ajo) = 20logk—20log V o +1. (19.20) 
We have approximately 

VTo?+1e1 and Aw) ~20logk for oky 

1 
VT += 2 and Aw) =20logk—3 for w= = (19.21) 

1 

Dover age 1 


VTwt1lawT,o and Ajo) ~20logk—20log Tio for o> Tr | 
1 


wo 
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The first of these expressions gives the horizontal straight line ab 
(Fig. 99a), the second gives the point d while the third the inclined 
line bc. Let us calculate its slope, measuring in decibels per decade 
or in decibels per octave. The decibel is the designation of the unit 
of measurement along the axis of ordinates for the quantity <A, 
= 20log.A. Decade is the term of a segment along the axis of ab- 
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scissae lgw, corresponding to a change of frequency w by a factor 
of ten. An octave is a section along the axis logw, corresponding 
to a change of œ by a factor of two. Since for the line be we have 
Alw) = 20logk—20log Tiw, in a single decade we will have: 


A,(10w) = 20logk -- 20log T,10w = 20logk — 20log Tm — 20log 10 
= A(w)—20. 


Consequently, the ordinate of the line be decreases by 20 units, i.e. 
by 20dB, with increase of abscissa by one decade (Fig. 99a). This 
is called a slope of 20 dB per decade. If along the axis of abscissae 
we take an octave, we obtain 


A(2a) = 20logk— 20log T2% = 20logk — 20log Tio — 20 log 2 
= Aj(w)— 6-02 . 


Consequently, a slope of 20 dB per decade is equivalent to a slope 
of approximately 6 dB per octave. 

Thus, a logarithmic amplitude characteristic of an aperiodic 
(inertial) element is represented approximately by two straight lines: 
one horizontal ab and the other inclined be with a slope of 20 dB 
per decade, where the point of intersection b is defined by the 
frequency w = 1/T,. If it is required to represent a given charac- 
teristic more exactly, then it is necessary to lay out from the point 
of intersection a segment bd = 3 dB downwards and to plot through 
the point d a curve asymptotically approaching the lines ab and be. 
When necessary to obtain'a high precision, it is possible to calculate 
a further point on each branch of the curve. The polygonal curve abc 
is termed the asymptotic logarithmic characteristic. 

The phase-frequency characteristic of an aperiodic element from 
(8.18) and (19.15) will be: 


B(w) = tant =—tan Tio , 


which is shown in Fig. 99b. 

We note that along the axis of abscissae of the logarithmic charac- 
teristics the values of w do not begin from zero, since logw0 = — oo, 
but from some value w = w, which may be taken differently in 
different problems. 

For an oscillatory element we have from the expression W (iw): 

k 
Alo) = —— =, 1, <2T,, 
V Tio + (1-- Tio) (19.22) 


Aw) = 20logk— 20 log V To? + 1(1— T2a*)’. 
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From this we obtain 


Ajo) ~ 20logk for o< A | 
; | (19.23) 


Alo) ~ 2logk—20log To for o> i 
a 


where the first relation gives the horizontal line ab (Fig. 99c) while 
the second the line be with the slope of 40 dB per decade or approxi- 
mately 12 dB per octave. The point of intersection b corresponds 
to the frequency w = 1/T,. 

However, for an oscillatory element the true logarithmic amplitude 
characteristic may differ strongly from the asymptotic characteristic 
abc. This is shown in Fig. 99¢ where we put 


T 
1 


In Fig. 99e a graph is given of the deviation of the true charac- 
teristic from the asymptotic for various values of ¢. From this graph 
it is evident that the asymptotic characteristic corresponds to the 
true one to within 3 dB only for 


0-38 < <0-71. 


If  < 0-38, the maximum deviation will be equal to 20log2¢V1—@ 
at values wT, = V1+2@. If > 0-71, the maximum deviation is 
equal to 20log2¢ at wT, = 1. 

Starting from this, it is recommended to plot the logarithmic 
amplitude characteristic for an oscillatory element either using the 
graph of Fig. 99e or directly using formulae (19.22) in the interval 
of. frequencies * 


Or< O< Or, 


where «œr is defined as the smallest of the real values 


Troy = y (1—20) + VO- 20) $1 , 
Trot = (1— 20) + V1 — 20705 , 
while WII from 


Ton = Y -1 + VOCI = y 


Twr 4 


Ti = Y 21-2) + V40 2—2 = Ta ; 





* According to. V. V. Solodovnikov. 
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The phase-frequency characteristic of an oscillatory element 
according to (19.16) will be (Fig. 99d): 
y Tio 
(w) = tan — = — tan! —_.. 
Plo) U 1— Tio 
A second-order aperiodic element may always be divided into two 
first-order aperiodic elements, for each of which it is possible to plot 
the characteristics, employing Fig. 99a and b. 


(a) (b) a (c) \4 (d) 45 


20IGk- O\w=y logy 












LO Siope 20 dB 
A 


per decade 


20lgk l 
SOA sions 40dB per 
C=Q5' ķ=42 i decade, 
[Cw 
7 
wf. “f 
Fic. 100 


Logarithmic frequency characteristics of non-simple elements. Let 
us consider certain types of element of this category. 
For an ideally differentiating element we have W (tw) = kia, 


from which 
T 


Aj(w) = 20logk+20logu, B= z’ 


which is represented by a straight line with a slope of 20 decibels 
per decade (Fig. 100a) and a horizontal line (Fig. 100b). 
For an ideal integrating element (Fig. 100c and d) there will be: 


T 


Aow) = 20logk—20logw, B= 3° 
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For an ideal element with introduction of derivative 


W(p) =k+k'p 
we obtain: a 
; kh’ o k'o 
Aj(w) = 2logk + 20log ]/ 14+ (z «| , b=tan i 
Comparing this with (19.20), we obtain by analogy the graphs A, 
and ßB (Fig. 100e and f). 
For an ideal element with introduction of the integral 
kı kp+k, 
p p 





W(p)=k+ 





we have: AEE SSS 
; 2 
Ao) = 20logk, — 20log eo + 20108 J/ i o) +1, 
1 


k 
8 = — tan“! kn : 

As a consequence it is necessary to construct the amplitude charac- 
teristic of an integrating element from the amplitude characteristic 
of an element with introduction of derivative, which gives the curve 
of Fig. 100g. The phase characteristic is given in Fig. 100h. 

For an aperiodic element with introduction of two derivatives 

k+k'p +k" p? 

W(p) = — 
we obtain: 


L ‘a T LF ia ; ao 
Aw) = 20logk + 20log V ($ o) + |1- z a| —20log V Tio +1, 


where the second term is defined as for an oscillatory element (19.22), 
but with reversed sign, while the third as for an aperiodic element, 
where it is necessary to put: 

T,= y E, tezia; (19.24) 
as the result we obtain the logarithmic amplitude characteristic 
in the form of Fig. 1007. The phase-frequency characteristic of this 
element will be: 

'@ 
k-k" o? 
i.e. it is necessary to take the phase characteristic of the oscillatory 
element with reversed sign (in the notation of (19.24)) and to add 
the characteristic of an aperiodic element with the same negative 
sign (Fig. 100)). 

The logarithmic frequency characteristics are constructed analo- 
gously for other types of element. 


8 = tan tan? Tyo , 
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General remarks. All the characteristics presented in the present 
paragraph clearly illustrate the dynamic properties of different 
individually taken elements of an automatic system. The processes 
occuring in them, as already discussed, change radically when they 
are included in closed automatic systems. But to find the latter 
it is necessary to know the dynamic equations or the characteristics 
of all elements of which the system consists. 
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In individual cases, if it is not possible to construct the dynamic 
equation of some element in a real system, it is possible on the basis 
of the above materials to match these equations from experimentally 
recorded time or frequency characteristics. It frequently happens 
that the form of the element equation is approximately known but 
it is difficult to calculate the numerical values of its coefficients 
theoretically. Then the above material permits finding these from 
the experimental characteristics and, incidentally, to verify if ‘the 
adopted form of the element equation is successful (since to each 
form of equation there corresponds a definite form of time and 
amplitude-phase characteristics). 

Let us discuss one procedure for determining the coefficients of 
the element equation from experimental data, proposed by 
Ia, Z. Tsypkin. We apply to the input of the element an arbitrary 
force q(t) and then remove it (Fig. 101a). We plot during this period 
(for example, using an oscillograph) the variation of the output 
quantity, a, (Fig. 101b). We shall consider only that part of the 
graph q(t), occuring after removal of the input quantity (#, = 0). 
Therefore the time ¢ will be read, as shown in Fig. 101@ and b, from 
the instant of removing the input force. 

Let us assume that the element may be described by a second- 
order equation with a simple right-hand part 


(Tip? + Typ +1)ay = kay; (19.25) 
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it is required to find the values of 7,, T,. (The transfer factor k 
is taken from the experimentally recorded static characteristic of 
the element). 

The solution of equation (19.25) has the form 





T, = C,e*t + Cae , (19.26) 
where 
te = —atto, (19.27) 
T a ee 1 
a= ort > Oo = Vo a, w= Te (19.28) 


Let us divide the t-axis of the graph m(t) into equal intervals, 
the length of each of which is denoted by At (Fig. 101b). We also 
denote by Tas, Læ, Læ any three adjacent ordinates of the graph 
z(t). Then 

Za = Cert + Cpert , 
Log = Oyertt+ ad 4 Cyezalttay , 
Lag = C EHAN + O eral 200) , 


Let us eliminate from this the arbitrary constants C, and C2, 
multiplying the first of these expressions by e@+#)4t, the second 
by —(en4t+ edt), and then add all three equations. The result is: 


” Log — (e^t +eaât) La -F elta At t =0 


or 
Ta po, (19.29) 
Bor To 
where ; 
b = edt eaat, o = eltast, (19.30) 


The expression (19.29) is the equation of the straight line shown 
in Fig. 101c. 

From this we have the following recommendation. It is necessary 
to measure all ordinates on the experimentally recorded graph m(t) 
at intervals At (Fig. 101b). Then for each triplet of neighbouring 
ordinates it is necessary to calculate the ratios a/a and 2q3/%ay 
each time plotting corresponding points in a plane (Fig. 101c). After 
this it is necessary to plot the inclined line MN to pass close to all 
the points (if this is possible, then the given element is actually 
described by equation (19.25)). 

Further we measure in Fig. 101c the segment c and the angle y, 
determining also b = tany. Then, employing the formulae 

cosh (wAt) = EA P aa ; 
2ye 2At 
following from (19.30) and (19.27), we find the values (wAt) and a. 
Knowing the latter, we calculate the required coefficients T? and T, 


(19.31) 
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of the element equation (19.25) from the formulae 


T= oe T, = 207, (19.32) 


az@— a? 
which follow from (19.28). 
If the straight line MN in Fig. 101c passes through the origin 


of coordinates, i.e. ¢ = 0, this will signify that the given element 
is described by a first-order equation 


(Ip+1)a, = ke, , 


_ At 
lnb ` 


where 
T A: 


For stable circuits the straight line MN always lies below the 
bisectrix of the coordinate axes. 


20. Transformation of equations and frequency characteristics of single- 
tuned systems 


In constructing the dynamic equations of automatic systems, as 
we shall see below in specific examples, we first construct the 
equations of individual elements. Then, most frequently, we trans- 
form them to a single system equation in the form (5.6). The same 
is sometimes done with amplitude-phase characteristics of the 
elements to obtain the overall amplitude-phase characteristics of 
the system. Here we shall derive certain formulae by the aid of which 
it is possible to carry out these transformations easily. 

In transforming two differential equations 


QP) = Ri(p)t,, Q:(p)% = Kalp) 2, 


to a single one we employ the following symbolic operation. Let 
us multiply the left-hand part of the equation and “cancel” all 
equations by the common factor x. As a result we obtain a single 
differential equation 


QP) Oa?) = Rap) Rap) a , 


which, after carrying out the operations of multiplication of poly- 
nomials in the left and right-hand sides, takes the ordinary form: 


Q(p)T = R(p)a . 


This algebraic operation is the simplest method of eliminating vari- 
ables from differential equation. Its validity may be verified in the 
following way. Let there be, for example, two differential equations 


aË + lka + ala = bor +00, Cota +623 = Anke , 
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i.e. 
Qp) = ap? +a,p+a,, Rap) =bp+d, Q(p)=aqQpt+e, 
Rap) = dap . 
To eliminate the variable v~, from these two equations it is neces- 


sary to solve for ~, in the second equation and substitute it in the 
first. We first differentiate the first equation and multiply by d: 


Apo Ha + aidota + aalota = bolo, + 0 dot, . 
We then substitute here from the second equation: 
Ag( Coy + Cys) + Gy( Cola + Cy Ly) + aal Cots + C128) = bolo, + bidot . 
or finally 
AoCota + (AgCy + A 1Cp) Ëa + (101 + aaco) Éa + O20\2g = Vogt’, + bidoi , 





Fig. 102 


from which the validity of the above algebraic operation becomes 
obvious. It is valid for any order and any number of equations. 
Its great practical advantage in application is without doubt. 

Let us first describe the single equation and overall amplitude- 
phase characteristics obtained for the simplest open network of 
elements. 

Open network. Let us consider an open system, consisting of m 
elements of directed action connected in series (Fig. 102a). 

Let the network contain elements of arbitrary types, including 
those with introduction of derivatives and integrals and with feedback 
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(which will be considered in Section 21) but excluding summation. 
We now write the element equations in the following general form: 

1 circuit ... O(p)x, = By(p) 2n , 
2 circuit ... Q.(p)r. = Ro(p)a , 
3 circuit ... Qal p) vs = Ry(p) x , | (20.1) 





Pe SY 


gth circuit ... On(P)Zout == Ra(p)em-1 - 


Here Q,(p) and R,(p) denote arbitrary polynomials in p, not only 
those shown in the table of Section 19. It is not necessary to reduce 
the equations (20.1) to the tabulated form. In particular cases Q;(p) 
and Rp) may be equal to unity or to an arbitrary constant. For 
elements involving an integral it is more convenient to write the 
equation eliminating p from the denominator. 

Multiplying all left and all right-hand sides of the equations (20.1), 
we arrive at a single equation of the open network (Fig. 102a) in 
the form 

Q (P) Zout — R(p)%n , (20.2) 


Q(P) =P) QAP) -- UnlP) 
R(p) = R,(p) Rap) - Ralp) - 
The transfer function of this open network will be: 


Wp) = Ge = Ralp) Ralp) ... Ralp) 
Q(p) QLP) OAP) --- Qmlp) 


W(p) = Wi(p) Wp) ... Wmlp), (20.4) 


where W,(p), W.(p),.--, Wm(p) are the transfer functions of indi- 
vidual elements. The amplitude-phase characteristic of the open 
network of series connected elements will consequently be 


W (tw) = Wilio) Wio)... Walio), (20.5) 
i.e. it will be equal to the product of amplitude-phase characteristics 
of the individual elements. It is calculated by the rule of multiplica- 


tion of complex numbers, namely, if each of the characteristics (20.5) 
is represented in the form W, = Apek, then 


A — A,A, eee Az , = Bi +H Bat- + Bm , (20.6) 


where A; and By denote the amplitudes and phases taken from the 
corresponding amplitude-phase characteristics at a common fre- 
quency w. 

For example, let, the open network of series-connected elements 
consist of three elements: a simple aperiodic, aperiodic with intro- 
duction of derivative and ideal integrating (Fig. 102b). It is possible 


where 


(20.3) 


or 
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to adopt one of the following methods for finding the overall 
amplitude-phase characteristic of the open network. 

Graphic method. The amplitude-phase characteristics of individ- 
ual elements (Fig. 102c) are taken complete from Figs. 97 and 98 
or are obtained experimentally. Taking points corresponding to 
single (arbitrary) values of w on all these characteristics, we find 
from the drawing (Fig. 102c) the amplitudes and phases A,, B,, Ag, Ba, 
A,, Ba, from (20.6) 


A= A,-:A,-A;, B = Bit Be + Pa, 


we obtain from the angle and the magnitude A, as shown in 
Fig. 102d, the corresponding point of the overall amplitude-phase 
characteristic of the open network W (iw). In the same manner we 
find several further points, which we join by a smooth curve. In 
particular as is evident from the drawing, the origin and end of 
the curve are defined by the following data: 





Ayan = kky 00 = 00, Bano = 040-5 =-F, 
_ pn ke = _ T T 
Ayu = 0 T,’ =0, Buzo = — 3 +07 5T. 
Analytic method. We have 
° = kı . _ heat keto > = 
Wilio) T Tio+ I’ Wi{iw) <a Tyiw + 1? Wilio) wrt to ° 


Let us denote by A’ and p’ the moduli and arguments of the numer- 
ator, and by A” and 8” the denominator. In the above expressions 
Wilio), W.(iw), Wa(tw), we have respectively: 


Al=k, B=0, AY=VPRort1, BY =tan Dw, 
Ai = VE (ko, B= tan 0 , AL HV Te +l, 
2 
¢ = tan Taw , 
t r at rr T 
As = kz, Bs = 0, 3 —@, 3 =g: 
Considering formula (20.5), we obtain for the amplitude-phase 
characteristic of the entire open network W (tw): 





q Ase As TakV e+ lko? 
pyc ess l 
AY AL-AY Vo +1) (Ta? +1) 
= Bi— Bi + Bi— Be + Bi— BY ae 


= — (tan= Tio — tan! Bo +tan Tew +5 3 
2 
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Assigning various values of w, we calculate from this formula 
pairs of values A and § from which we construct the amplitude- 
phase characteristic of the entire open network W (iw) in accordance 
with Fig. 102d. 

Use of logarithmic frequency characteristic. From relations (20.6) 
we obtain the following formulae for constructing the logarithmic 
frequency characteristics of an open network of series connected 
elements: 


A, = 20log A = Ant Ant -+H An, 5 B = Bit Bet.. + Bm 


where An, Aj,,..., Az, are the logarithmic amplitude characteristics 
of the individual elements. 





ATT + em nee we ee ee 


Fic. 103 
For the same example of open network (Fig. 102b) we obtain; 
Ay = 20log kkk, —20log V T2 o? +1 —20log V Tha +1 
+ 20log ]/ 1+ (ey w? — 20logw , 
6 = — tan~ Tio — tan? Tew + tan“? —.. 


Plotting the characteristic A, consists of the following (Fig. 103a). 
Along the axis of abscissae we mark off the abscissae of the points 
of intersection of the asymptotic characteristics. For a given ex- 
pression A,, a8 is clear from Section 19, these points will be: 

-1 L zf 

e= Ps panei ee mes 
Their relative positions may vary in dependence on the specific 
values of the parameters. In addition, we denote an arbitrary 
point w», which serves as the origin of coordinates of the graph. 
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From the point a (Fig. 103a) with ordinate equal to 20logk,k.k, 
—20loga,, we plot the straight line ab with a slope of 20dB per 
decade. This line corresponds to the first and last component 
(20logk,k,kg—20logw) in the given expression A,. To it we shall 
add the remaining components according to the order of the previously 
plotted abscissae of the break points. 

The component 20logy 1+ (k2/k,)*w? from Fig. 100e to the break 
point has a zero slope and after this point a slope of 20 dB per decade 
upwards. Adding to the slope of the straight line ab (Fig 103a), 


we obtain the horizontal section cd. The component — 20logV Tru” +1 
also has a zero slope to the point of break according to Fig. 99a 
and after this point a slope of 20 dB per decade downwards. Adding 
to the slope of the straight line cd (Fig. 103a), we obtain the new 
inclined segment de with slope 20dB per decade. The component 


—20logV T3u°+1 increases the slope of the characteristic after 
the point e, which gives the straight line ef with a slope of 40dB 
per decade. 

In accordance with Figs. 100¢ and 99a, the true logarithmic ampli- 
tude characteristic (full-line curve in Fig. 103a) first passes somewhat 
higher and then lower than the asymptotic characteristic «edef. 
The simplicity of the construction is obvious. 

In the described construction an accumulation of errors occurs. 
The most exact characteristic in this case is obtained if the true 
values A, are calculated at the break points and then the points 
obtained joined by straight lines. 

Employing the material of Section 19, by algebraic addition of 
the corresponding phase characteristics we also obtain the loga- 
rithmic phase-frequency characteristic of the given open network 
(Fig. 103b). 

The use of experimental frequency characteristics. Frequency 
characteristics of any form may be obtained experimentally 
(Section 8). Therefore in those cases when it is difficult to set up 
the differential equation of some real part of the system, this need 
not be done but, constructing an operating model of it or taking 
a complete element in its natural form, record from it the frequency 
characteristics experimentally. As a result we shall have some of 
the element characteristics plotted by calculation from the equations 
and some of the characteristics obtained experimentally. Multiplying 
or adding them all, as shown above, we find the frequency charac- 
teristics of the entire open network (and then, as we shall see below, 
for the closed system). 

Closed single-loop system with perturbation. In the general form 
(Fig. 104) such a system is defined by the following equations: 
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Qi(p)% = By(p)am+ 8,(p) f(t) , 
Q:(p)7, = —R(p)% , 


Q p)2a = R;(p) 2 , (20.8) 


e.s esses sos ‘’d o ’o ‘g ’p ‘l o o 


Qm P)Em = Emh P) 8m- - j 


Elements 1, 2 and m may represent, for example, the following: 
the regulated object, the sensitive element (including the measure- 
ment of derivatives and integrals, if they are introduced into the 





regulation function and enter into R,(p)) and the regulating organ, 
where f(t) will be an arbitrary variation of the load on the object. 
The signs of the right-hand sides of equations (20.8) in general may 
be arbitrary, but if by Q,(p) and R,(p) are understood operational 
polynomials with positive coefficients, as a rule the total number 
of element equations with minus signs at the right will be odd (for 
the reason for this see Section 27). 

Let us transform the system of equations (20.8) to a single equation. 

From formulae (20.2) and (20.3) the equation of the network of 
elements from the second to the mth elements inclusive may be 
written in the form 


QAP)Qs(P) -- Om(P) lm = — Rap) Tes(p)... Emp). (20.9) 


Then, multiplying the first of equations (20.8) by Q:(P) ... Qm(P) 
and employing (20.9), we will have: 
Qi(P)Qa(P) --- Om(P) T 
= —R,(p)R,(p) --. Rm(p)®,+Q2(D) --- Om(P) S(p) Í (t) , 


from which we obtain the required equation of the closed system 
in the form 


L(p)a, = 8(p)f(t), (20.10) 
where 


Lipy=O@ LR); 8H) = eee (20.11) 


and Q(p) and R(p) are defined by formulae (20.3). 
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The static error of the system is defined by the formula 


8(0) 
"=r 


We recall that in such a ‘“‘single-loop” system there may be not 
only “simple” elements but also compound elements with introduc- 
tion of derivative and integrals included in #,(p). In a particular 
case, if the system consists of “simple’’ elements where the right- 
hand sides of these equations (table in Section 19) contain only kæ, 
then R,(p) = kı, Ra(p) = kz, ...) Rm(p) = km (the transfer factors or 
gain factors of the elements) and in the equation of the system (20.10) 
we will have: 


Lip) =Q(p)+k, where k= kks... km. (20.12) 


The quantity k is termed the overall transfer factor (or overall 
gain factor). 

The transfer function (see Section 8) for the closed single-loop 
system with perturbation, according to the above formulae, will be: 


S(p) Q (p) S(p) 
Wi) = Eip) = Rp + RON 


If we divide the numerator and denominator by Q(p), we obtain 





Wap) = Val) 
(p) = IWG) , (20.13) 
where 
tiny — SilP) _ R(p) 
Wi(p) = O,(p) and W(p)= Q(p) (20.14) 


are the additional transfer function of the element 1 with respect 
to the perturbation (see the first of equations (20.8)) and the transfer 
function of the open loop, consisting of the same elements 
1,2,3,..., m a8 in the given closed system, respectively. 

Consequently, the amplitude-phase characteristic of a closed 
single-loop with perturbation will be: 


Wilio) 


Wilio) = 1+ W (iw) ’ 


(20.15) 
where Wi(iw) is the additional amplitude-phase characteristic of 
element I with respect to the perturbation while W (tw) is the ampli- 
tude-phase characteristic of the corresponding open network. We 
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already know how to find the latter from the above, while the 
first, i.c. 

$ Silio) 
J _ AY 
ey Gai 
is either calculated, if the element equation Q,(p)2, = R,(p)tm 
+8,(p)f is given, or taken experimentally according to the scheme 


of Fig. 105b. 
SCONE o pamar 
: asnwt 
Jaanut Ea T-A simwt BE 
Zy,=const 
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Let the characteristic Wilio) have the amplitude A! and the 
phase p! (Fig. 106a) while the characteristic W (iw) has the following 
coordinates (Fig. 106b): 


W (io) = U(w)+iV (w). 
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Then the modulus A” and the argument 8” of the denominator (20.15) 
will be: 
_ V («) 
nv 2 3 8 — t; ee a CE 
A” = VIF UHV, 8" = tant a 
Therefore the amplitude A, and the phase 8, ot the characteristic. 
of the given closed system is found as 


A At i ae 20.16 
(= 40 By = Bip”. (20.16) 


The amplitude-phase characteristic is plotted from these expressions 
(Fig. 106c). 

Graphically it is constructed by taking the values Aj, 6{ from 
the drawing (Fig. 106a) and the values A”, p” as shown in Fig. 106b 
for the same values of œ, with subsequent utilisation of formulae 
(20.16), and drawing the required curve according to Fig. 106c. 
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Closed single-loop system with command signal. In the general 
form (Fig. 107) such a system is defined by the equations 


Qi(p) a = Ry(p)2m+ S\(p)f() , 
QAp) v2 = Rp) x, , 

2=y(t)—a, (circuit ED), (20.17) 
QP) 2a = Rs(p)a , 


Qm\P) Lm = mP) Em- . 
Here elements 1 and 2 may represent, for example: the controlled 
object and the feedback of a servomechanism or the object and 
sensitive element of a system of programmed regulation, respectively, 





Command Hu 
device 5 n 
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while the element HD is the error detector. The symbol 2 denotes 
the error magnitude, the symbol m, the output (regulated) quantity 
of the system, while y(t) is the input (command) quantity. The 
introduction of derivatives and integrals into the regulation function 
is defined by the right-hand sides of R;(p) of the equations. 

Let us first find the common equation of the system with respect 
to the error x. Multiplying the third of equations (20.17) by Q.(p) 
and employing the second, we obtain: 


Qp) e = Q.(p)y (t)— Rp) a « (20.18) 

For the network of elements from the third to the mth, from 
formulae (20.2) and (20.3) we have: 

QAP) --- Vm(P) lm = Rp) ... Enp) . (20.19) 


Multiplying the first of equations (20.17) by @,(p)...Qn(p) and 
employing (20.19), and then multiplying the result by Rp) and 
employing equation (20.18), we find the single equation for the 
closed system with respect to the error: 

L(p)2 = N(p)y(t)+S8(p)f(), (20.20) 
where 
L(p) =Q(p)+R(p), N(p)=Q(p), 
sip) — 2(P) Sp) Ralp) (20.21) 
Q(P)Q(p)  ” 
while Q(p) and R(p) are defined from formulae (20.3). 
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If f=0 (ie. the object has a constant load), which frequently 
occurs in servomechanisms, then equation (20.20) takes the form 


[O(p) + R(p)]x = Q(p)y(t) , (20.22) 


while if, in addition, all the elements are “simple” (without deriva- 
tives and integrals in the right-hand sides), the system equation 
will be: 
[Q(p) + k]a = Q(p)y(t) , 
where k is calculated from formula (20.12). 
If we derive in a similar way the equation of the closed system 
with respect to the regulated quantity 2,, we obtain: 


L(p)a, = N(p)y(t)+S(p) f(t) , 


where 
Lp) =Q +R), Np) = “PHP 
_ QIP) Sp) ee) 
Bey Q(p) : 
while with respect to the quantity 2, 
L(p)%, = N(p)y(t)+S(p) f(t) , 
where 
L(p) =Q(p)+R(p), N(p)=R(p), 
S( j=? p) S(p) R(p) (20.24) 


Qi (Pp) 


The various cases considered of writing the equations of a closed 
single-loop system with command input correspond to different 
amplitude-phase characteristics. Thus, from (20.21) we obtain with 
respect to the error æ the following amplitude-phase characteristicts 
of the closed system: 














Slo) _ —Q9R _ _ Wdio) Wilio) ata 
Wile) = Tie) Gara tW © 228) 
meaa he a e e (20.26) 


Llio) Q(iw)+ Rio) 1+W(io) 


(the first of these differs from (20.15) by the factor W,(tw), consti- 
tuting the characteristic of the feedback circuit 2). 

The amplitude-phase characteristics of the closed system with 
respect to the regulated quantity z, from (20.23) will be here: 





QS, Wilio) 
Misi Q(Q+R) 1+W(iw)’ (20.27) 


W2(iw) = RQ, W (iw) 


RAQ+R) Wio Wie)’ (20.28) 


190 The Dynamics of Automatie Control Systems 
while with respect to the quantity z,, form (20.24): 


Rio) W (to) 


We = Ga) t Eia) IF Wo) 


(20.29) 

The plotting of all these frequency characteristics of a closed 
system is carried out similarly to the above, if the amplitude-phase 
characteristic of the corresponding open system W (iw) is known. 
We note, in addition, that there are special circle diagrams (Refer- 
ence 11) for plotting the characteristics (20.26) and (20.29). 


21. Transformation of the equations and frequency characteristics of 
multi-loop systems 


Let us consider several simple examples of multi-loop systems. 
Element with negative feedback.—We first obtain the equation and 
amplitude-phase frequency characteristic for an arbitrary element 
with feedback (108). Let the equation of the element and the feedback 

have the forms 
Qe(P) Lout = RAP) (2in— Lø); | 


21.1 
Qy(P) 2m = Rp(P) Lov - j a 





Fig. 108 


Multiplying the first of equations (21.1) by Qp(p) and substituting 
the second in it, we obtain the equation in the form 


[Qe D)On(P) + Re(p) Enip) Pour = Re(p)Q aP) Zin - (21.2) 
Its transfer function will be: 





fo me RV p 2 Wap) 
We (p) = QVntRRp 1+Wdp)Wplp)’ a 
where 








RAp) Epp) 
WwW = i Ww = 
(P) = Op)? aP) = Op) 
is the transfer function of the element with feedback. 
The amplitude-phase characteristic of an element with feedback 
will be, as a result: 


W.(ia) a te >, 
1+W.(io) Walia) M(io) + Walio)’ 





WPlio) = (21.4) 
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where 

wl _ Qia), 

-° Wdio) Redio)’ 
M, is termed the inverse amplitude-phase characteristic of the 
element. 

For example, let there be an oscillatory element with introduction 
of integral (see table in Section 19), included in a feedback loop 
in the form of an aperiodic elemcit. From Section 19 we take the 
corresponding amplitude-phase characteristics (Fig. 109a and b) 
and, by the rules of Section 20, we find first the product W.W m 
(Fig. 109c) and then Wt (Fig. 109d). 








Fig. 109 


From equation (21.2) it is easy to follow the influence of various 
forms of feedback on the properties of different types of element. 
We shall consider only two cases. 

Let us take the element with introduction of integral (or in- 
tegrating element, where the polynomial Q,(p) does not have a con- 
stant term while R,(p) has one. We shall include it in a stiff feedback, 
i.e. one for which Qp(p) and Ry(p) both have constant terms in 
the equation. Then, as is evident from formula (21.2), the element 
(taken together with feedback) loses its integrating properties, 
since a constant term appears in the left-hand side of the equation 
equal to the product of constant terms of R.(p) and Ry(p). As a simple 
example: given equation (21.1) in the form: 


PLout = ki(lin— Lø), Do = kout; 


the equation of the element together with the feedback from (21.2) 
will be: 
(P + kika) Vout = kitin 


1 1 
oe Fiks , k= he ’ 
Le. the integrating element with an ideal stiff feedback changes 
to aperiodic. 

Let us now take again an integrating element. But we shall 
include it in a transient feedback for which the equation Q,(p) 
has a constant term, while Ry(p) does not have one. Then, as is 


or 
(Tp +1) out = hain T 
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evident from (21.2), the integrating property of the element (with 
feedback) is preserved. For example, 


Plot = k,(%n— Ly) ’ (Tp a 1) £o = ka PZout 
the equation of the element together with feedback will be: 
(Tp +1 kik) p®out = (Tp +1) kin 


(the aperiodic element with introduction of integral). This property 
is utilised in designing astatic systems (see Section 11 and Section 14). 





Open network with negative feedback. Let. feedback (Fig. 110a) 
be connected to the above open network (Fig. 102a) at an arbitrary 
point. The equations of all the elements except the (k-+1)st are 
written in the form (20.1) while for the (4+1)st element we have: 


Qrii(P) 2k41 = Rysi(p)(Le—Xyo) , (21.5) 
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where the feedback equation is added 
Qn(P) ep = Rp(p) 2 . (21.6) 


Individual portions of the network consisting of series connected 
elements are joined in “blocks”. II, III and IV (Fig. 110b), the 
equations of which from (20.2), (20.3) and (21.2) will be: 





Qu(p)%, = Ry(p)a , 
[On(P)On(p) + Rip) Rolpa: = Run(p)Qy( Pp) xx (21.7) 
Orv(P) Gout = Rrv(p) 21, 
where 
Qulp) = [lo QP),  Rulp) = Tl Rip), | 
43 img 
1 1 
Qmip)= [] On), Rump) = |] Rip), (21.8) 


i=k+1 tmk+1 


Qrv(p) = -f Qdp), Ep) = | | Rap) 


i=l-+1 tel+1 
(x is the symbol for the product). Considering now the block III 
together with feedback as a single element with a complex equation 
(the second of (21.7)), we may employ formulae (20.2) and (20.3) 
to obtain a single equation for the entire open network (Fig. 110b) 


Q(P) Lou = R(p) xn , (21.9) 
where 


(P) = QQQ QQ + RnR)» | 

R(p) = Rk, RR kk gr - J 

The amplitude-phase characteristic of such an open network 
(Fig. 1105) will be: 


(21.10) 


. Rito) _ W,W,WuWmWiv 

W (to) = 0 (io) Wate (21.11) 

Open network with two negative feedbacks. Let us consider here 

four different cases. The network equation when the second feedback 

includes the first completely (Fig. 110c) is easily obtained from 

the above, specifically, applying formulae (21.9) and (21.10) to the 

section of the network II, ITI, IV and feedback 1 (Fig. 110c), we 
find for it the equation 


Q'(P) Tont = R'(p) (_— ype) ’ (21.12) 








where 


QP) = Qurra + RE yr) , (21.13) 


R'(p) = RuRrRrvgm - 
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Considering this now as a single element and applying (21.9) and 
(21.10) to the entire network with feedback 2, we obtain the equation 
for the entire open network 


Q (Pp) Zour = R(p) in (21.14) 
where 


Q(p) = QQA Qm + RB’ Rye), Rp) = RRR Qno 
and after substitution of (21.13) 


QOP) = QOQQAN RR i 
+ Qn Fin Qi Emp + Ru Rink Qype), } (21.15) 


R(p) = RRR y kinky Qi Qe - 
The amplitude-phase characteristic of this open network will be: 


E(iw) W,W.WuWinWiv 


wa Q(to) 1+ WirWeit WnoWmWrw We 


(21.16) 

The numerator of this formula contains the amplitude-phase 
characteristics of all the series-connected blocks (Fig. 110c) and 
the denominator, unity with two terms (from the number of feed- 
backs), in each of which the feedback characteristic is multiplied 
by the characteristic of the block included by it. 

As the second example we shall consider one where the feedbacks 
partially overlap each other (Fig. 110e). In this case the equations 
of all the elements have the above form (20.1), except the third 
and (%-+1)st for which we have: 


Qs(P) Xs = Rs(p)(%.—Zpe1), | 


(21.17 
Qril P) Erti = Reyal(p)(te—Bpo2) , | i 
where two feedback equations are added: 
=R 
QrilP) Fer = Empe | (21.18) 


Qyo2(P) Lp = Ryoo(P) Vout - j 


Joining the sections of the network of series-connected elements 
into blocks (Fig. 110e), we write the equations of the blocks: 


Quip): = Rn(p)(%3— Lm) » 
Om p) xi = Ralp) (2r — Ti) , (21.19) 
Orv(P)Zout = Rrv(p)% , 


where Qn, Qu, Qrv, Ru, Rur, Rrv are defined by the above formulae 
(21.8). Multiplying the first equation (21.19) by Qj: and the second 
by Qe, we eliminate zp, and 2p. using (21.18). Multiplying again 
both of them by Ry, we eliminate 2,, using the third of equations 
(21.19). Then the first of the two equations obtained is multiplied 
by Qp2eRn with the use of which we eliminate x,. As a result we 
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shall have a single equation for the entire open network (Fig. 110d) 
and e) in the form 
Q(p) out = R(p) an , (21.20) 
where 
QIP) = QQA On 9111 910 9m Ope 
+ Ru kinQiwR Ope + Cun kinrkrwO Ry) , (21.21) 
R(p) = RRRy RRQ Ope - 


The amplitude-phase characteristic of this open network will be: 


R (iw) W,W.WnWin Wr 


Wio) = Oo) IF WaWmWm + WiWivW me’ 


(21.22) 
where the same principle is observed for constructing the formulae 
as in (21.16). 

The same principle is valid even for the case where both feedbacks 
are connected to the same element (Fig. 110f). In this case the 
equation of the open network takes on the same form (21.20), where 


Q(P) = QQQ rOn Ro + RnR mh Ope 
+ FuQmQmFje) 5 (21.23) 
R(p) = RRRy Rok mgm. 


The amplitude-phase characteristic of such an open element will be: 
R(iw) = WWW Win Wiv 
Qw) 1+WuWuW m + WW oe 


Where both feedbacks originate at the output of a single elements 
(Fig. 110g) we obtain in exactly the same way the equation of the 
open network (21.20) in which 


QP) = 9192911 wm + Vrrrv Ry Qe 
+ RinkivQpiFpe) , (21.25) 
R(p) = B,RRy Rm Riv mw 


and the amplitude-phase characteristic of the open network 


R(io) _ W,W.WnWinWi 
Q(tw) = 14+ WivWrit WarW rw Wye 


W (iw) = (21.24) 


W (iw) = (21.26) 


Open network with branching. Let an open network be composed 
of certain blocks of elements with branching (Fig. 111). The equations 
of the blocks have the form 

Qi(p) 2, = Ri(p) Tn , Q.(p) a2 = Rdp) , 
Qulp)t% = Rn(p)t, Qrmn(p)% = Rump), 
Qrv(P) out = Rrv(p) (Tk + 11) « 
14 
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From this we find the equation of the open network 


Q(P)®out = B(P)2n (21.27) 
where 
Q(p) = 9:9.9n9m , 
R(p) = F,RRyy(RnQint+ Onn) - ere) 


The amplitude-phase characteristic of this open network will be 


R(iw) 
Q (tw) 





W(io) = = W,W,Wr(Wn+ Wm), (21.29) 


Zz. 
—in 
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i.e. the amplitude-phase characteristics of the parallel-connected 
blocks are added. 

It is similarly easily possible to derive formulae for various other 
complex open-network systems. 

Here, as in Section 20, experimentally obtained frequency charac- 
teristics of the elements may be used in all cases in place of calcu- 
lating them from the differential equations. 

Closed systems with additional feedbacks and with branching. 
In Fig. 112 are represented six different structural diagrams of 
closed systems, with perturbation f (for example, automatic regula- 
tion systems), and six different structural diagrams for closed 
systems in which the command y is introduced (for example, servo- 
mechanisms or program-controlled systems). Here such closed 
systems are taken to which correspond the six forms of open networks 
with negative feedback and with branching considered above. The 
introduction into the regulation function of derivatives and integrals 
is defined by the right-hand sides R,(p) of the regulator element 
equations. 

The equations of all the elements remain the same as for the 
open networks (with substitution of the index “out” by m), except 
the first (regulated object), for which we have 


Qi(p) 2%, = Bip) en + SP) (2) , (21.30) 
and the element ED (error detector) 
x= y(t)—a,. (21.31) 
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It is assumed, as before, that in regulation systems an odd number 
of elements (most frequently one) of the basic loop has a minus 
sign before the right-hand sides of the equations; in the presence 
of the command signal the necessary minus sign is given by relation 





Fic. 112 


(21.31). The equations of all open networks here, as in Section 20, have 
been reduced to a single form Q(p)out = R(p)ain, where the opera- 
tional polynomials Q(p) and R(p) have differing expressions for 
different networks. 

In this connection the equations of all open systems with per- 
turbations (Fig. 112a, c, e, g, i, k) are brought to the forms (20.10) 
and (20.11), as in Section 20, but only now the expressions Q(p) and 
R(p) must be taken from the formulae for the corresponding open 
networks (21.10), (21.15), (21.21), (21.23), (21.25) or (21.28). The 
amplitude-phase characteristic of the closed system will also have 
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the form (20.15), where W(iw) is the characteristic corresponding 
to the open network: (21.11), (21.16), (21.22), (21.24), (21.26) or 
(21.29). 

The equations of all closed systems with command signals 
(Fig. 1128, d, f, h, j, l), constructed for the error 2 will have, as in 
Section 20, the forms (20.20) and (20.21), for the regulated quantity 2,, 
(20.23), while for the quantity T., (20.24). In all cases we employ 
the expressions Q(p) and R(p) for the corresponding open networks. 
The amplitude-phase characteristics of closed systems are defined 
by the formulae: (20.25), (20.26), (20.27), (20.28), (20.29), employing 
the amplitude-phase characteristics of the corresponding open 
networks. 

General case.—If the dynamics of a closed automatic system of 
any degree of complexity (with several regulated quantities, several 
regulating organs, several external forces) are described by several 
differential equations of the form 


Qu(P) 1+ QiolP) e+... + Qin(p) en = P (p) filt) , 
Qal p) @ + Qeo(p) 22+... + Von(P) in = Pp) felt) , 


<... o s e so ‘l ‘Ma M‘ 


Qni(P)% + Qn(P) e+... +Qnn(P)En = Palp) falt) , 


the common equation of this closed system will be: 


L(p)æ, = 8p) fit) +SP) falt) + .. + Sn(p)falt), (21.33) 


where the operational polynomials are found by expanding the 
following determinants: 
QulP) Qulp) --- Qip) 
L(p) = Qa(P) Qe2(P) zas Qen( P) (21.34) 


QalP)QnalP) --» Qnal P) ` 


Si(p) = Pi(p) Anlp), 
Sap) = P.(p) Aalp), 


Kalp) = Palp) AnlPp) , 


where <A,,(p), A4o(p),..-» Anl(p) are the algebraic complements of 
the elements of the first column of the determinant (21.34). 

The static error of the system of each of the external forces is 
defined by the formula 


8,(0 . 
Au = Tipp fimes (¢=1,2,..., n). (21.35) 
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The amplitude-phase characteristics of a closed system defining 
its forced oscillations with sinusoidal variation of each of the external 
forces individually will be: 





~ Llio) ’ (21.36) 





The material of this chapter, which has a general auxiliary charac- 
ter, will be used to a large extent further in examples. However, 
independently of this, from the general formulae already obtained 
it is possible to make a substantial number of useful concrete con- 
clusions about the dynamic and static properties of various auto- 
. matic systems. 


CHAPTER VI 


SETTING UP THE EQUATIONS OF ORDINARY LINEAR 
AUTOMATIC REGULATION SYSTEMS 


22. Equations for an automatic engine-speed regulation system 


Let us derive the equations for a system for the automatic regula- 
tion of the speed of an engine with a centrifugal regulator. Aside 
from the standard form of equations adopted in contemporary 
regulation theory described in Section 18, let us also write them in 
another form—the dimensionless form, in which they appeared at 
the start of this century. This form of notation is also encountered 
in contemporary regulation theory literature. 

The basic arrangement of the system (Fig. 78) consists of the 
engine 1 (regulated object), centrifugal mechanism 2 (sensitive 
element), the gate valve 3, the hydraulic motor 4 (the last two 
constitute an amplifier) and the regulating gate valve 5 (regulating 
organ). There is an additional transient feedback in the system 
in the form of an isodromic device consisting of the oil damper D 
and the spring S. 

In addition, there is the adjustment of the system for a definite 
number of revolutions per minute, for example using the handle £, 
manually adjustable to a definite position. The adjustment may 
also be carried out in advance by increasing or reducing the tension 
of the spring in the centrifugal mechanism 2. 

The role of the external perturbation on the system is played 
in the present case by variations of the engine-shaft load. 

We shall write the equations for all the elements of the system 
in their complete form and we shall also analyse several simpler 
variants in the form of particular cases. 

Equations of the regulated object (engine). The equation of rotation 
of the engine shaft together with all other masses which move with 
the shaft will be: 


J—= = Ma— M,— Mı ) (22.1) 
where J is the moment of inertia of the entire moving mass reduced 
to the engine shaft, w is the angular velocity of the engine shaft, 
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Mx is the driving moment on the engine shaft, M, and M, are the 
resistive and load moments reduced to the engine shaft. 

The driving moment Ma depends mainly on the magnitude of 
the energy applied to the engine, i.e. on the position of the regula- 
tion organ 5 and sometimes also on the angular velocity of the 
shaft w. Consequently, 


Ma = Ma,(2) or Mar = Malt, ©), (22.2) 


where œ is the coordinate of the regulating organ. 

The actual form of function (22.2) will differ for different regulated 
objects and may be taken from the theory of the corresponding 
engines in the form of a formula or from experimental characteristics 
in the form of graphs (for example, Fig. 113a, b). 
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The resistive and load moments usually have the form 
M,= Mdo), M= Mit). (22.3) 


The function M,(w) is also given by a formula or graph (Fig. 1130). 
The quantity M, is independent of the system under consideration 
and may vary arbitrarily with connection, disconnection or variation 
of the operating regime of the load served by the engine. 

Substituting (22.2) and (22.3) in equation (22.1), we obtain 


Ja— Mala, o) + Mo) = — M(t). (22.4) 
The functions Ma and M, which are non-linear with respect to # 
and w may be linearised in the vicinity of the investigated steady- 
state. 

Let, for example, the steady-state operation of the engine be 
defined by certain constant values w = w°, z = 2°, M, = Mj. Let us 
introduce the deviations 

Ao = w—o, Av=a2—-”. (22.5) 

Comparing (22.4) with the general formula (18.1) we conclude 

that in the present case 


F =Ja— Malz, o)+M,(o) , 


T=, &%=0, B=. 
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Therefore in accordance with formula (18.5) equation (22.4) in 
linearised form will be: 


JAG + C- 2) ie Cot) a =—[Mit)— MY], (226) 


where 
pon a a 
ôr j]? \a]?’ (ao 

are partial derivatives of the functions (22.2) and (22.3) with w = w° 
and 2 = æ. Graphically they may be obtained as the slopes of the 
tangents at the points C in Fig. 113a, b, c (taking into account the 
scale of the drawing). 

To reduce this equation to the standard from of Section 18 we 
introduce the time constant and transfer factor (gain factor): 


Ce) | 

















T, = oe eH ham lay | 
|e") g ( de r) | ( 3) D 3 (22.7) 
fi) = ne oj 
Ea 








With this notation the parameters T, and k, will be positive numbers. 
In the most frequently encountered case when 


ƏM, o OM ar 0 
(S) = (=) >0, (22.8) 
the equation of the regulated object (22.6) will be: 
(Tip +1) Aw = k,Av—fi(t), (22.9) 


i.e. the object represents an aperiodic element with time constant T, 
proportional to the moment of inertia J and with gain factor propor- 
tional to the slope of the characteristic M,,(z). For the dynamic 
properties of such an element see Section 19. 

In the less frequent case, when 








‘aM,\° (aMa\° 
(G2) -(G2) <o, (22.10) 
we obtain the equation 
(Typ—1)Aw = k,Axv—fit), (22.11) 


i.e. the object represents an unstable aperiodic element. 
If, finally, 


(alpe 





ew do 


0 
| =0 or M, =0 , Màr = M 4,(2) ; (22.12) 
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then the equation of the regulated object (22.6) takes the form 


pôo = kiAz— filt), (22.13) 
where 
, _1 (@Mar\* M,(t)— MY 
ki =5(32) , f(t) =, (22.14) 


In this case the object appears neutral and represents an integrating 
element. 

We shall now write the equation of the regulated object (22.6) 
in the other (dimensionless) form. 

Each term of equation (22.6) and (22.1) has the dimensions of 
a moment. We note that each motor or engine has some nominal 
calculated regime defined by the nominal driving moment M, and 
the nominal angular velocity wn. To eliminate dimensions we divide 
equation (22.6) by Mn. 

We shall also introduce the conventional nominal quantity zp: 


Er = Ma 
"(aM a,\°" 
wa) 


Then equation (22.6) may be rewritten in the form 


Jan Ad (GE) yz Aw Ag Malt)— Ma 


Ma On do) \da)/|\Mn On an 





(22.15) 





M On Zn M, 
Introducing now the dimensionless relative deviation 


ae pAn 


= = (22.16) 


we obtain from the preceding the required equation of the regulated 
object in dimensionless deviations 


Tab + Bẹ = č- y4 (t), (22.17) 


where we have introduced the notation: 


-ce | 


o tay Mt) — 
T,’ p(t) = cM 





(22.18) 
Ta = 





The coefficient Tą has the dimensions of time and is termed the 
acceleration time of the engine. This is the time in which the engine 
accelerates from a state of rest to the nominal angular velocity in 
the absence of resistance and with constant driving moment equal 
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to nominal. In fact, from equation (22.1) with Ma = Ms, M, = M, 
=0,0<t<T7,,0 <<a, we have: 
On Ta 
J f| do= M, f a, 
0 0 
from which after integration we obtain the value T, given in formula 
(22.18). 

The quantity @ (see formula (22.18)) is termed the self-regulation 
factor. The significance of this term consists in that for B>0 we 
have case (22.8), ie. a stable object (22.9), which, from Section 19, 
by itself, without regulator, always comes to some steady-state the 
more rapidly and with less static deviation, the greater 6. The task 
of the regulator will consist in this case in substantially accelerating 
the transient process in the system and making the static deviation 
of the regulated quantity practically negligible (i.e. sufficiently 
small). $ 

For 8 < 0 (“negative self-regulation”) we have case (22.10), i.e. an 
unstable object (22.11), while for B = 0 (object without self-regula- 
tion) we arrive at case (22.12), i.e. to the neutral object (22.13). 
In these two cases the principal problem of regulation consists in 
establishing a stable system as well as in achieving a good transient 
response and small static error. 

The equation of the sensitive element (centrifugal mechanism). 
Let us denote by y the coordinate of the sleeve B of the centrifugal 
mechanism (Fig. 78), read downwards. The equation of motion of 
the sleeve will be: 

my = —-F,+F.—Ff,, (22.19) 
where m, is the mass of the sleeve and all the parts of the centrifugal 
mechanism moving with it, reduced to the sleeve, y is the coordinate 
of the sleeve, F, is the force, reduced to the sleeve, arising from the 
centrifugal force of the bobs, F, is the spring force, F, is the resistance 
force realised conventionally in the diagram of Fig. 78 by a damper. 

For these forces we have the following relations: 


F, = mo t Aa, 
F,=F,-«y, (22.20) 
F, = 9 ; 


where the coefficients a,, a, C1, Ca depend on the design and di- 
mensions of the centrifugal mechanism, F, is the force of the pre- 
compressed spring (in the position y = 0). 

Only the component a, is here non-linear. After substituting 
(22.20) in equation (22.19) and linearising it in accordance with 
Section 18 close to the steady-state w = w°, y = y° we obtain: 


GAY +H GAY + m, Aj + 2a,o°dw = 0, (22.21) 
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where Ay = y—y° and, in accordance with (22.19) and (22.20), the 
steady-state value y° (sleeve position) is defined in the following 
manner: 

ay? = F,—a,—a,(w°)? . (22.22) 


From (22.21) we obtain the following equation of the sensitive 
element in standard form (Section 18): 


(Tip + Tap +1) Ay = —kjAo , (22.23) 
where 
__ 2a,0° __ 2. m, 
Se? ea nS (22.24) 


Here it is evident on which design parameters of the centrifugal 
mechanism the transfer factor k, and the time constants T, and T, 
of the sensitive element of the regulator depend. 

Thus, the sensitive element constitutes either an oscillatory system 
if T,< 2T,, or is second-order aperiodic (see Section 19 for their 
dynamic properties). If we neglect the resistance (c, = 0), we obtain 
the equation 

(Tip +1)Ay = —k,Aw (22.25) 


of harmonic oscillator. If it is necessary to consider the resistance, 
but it is possible to neglect the mass (m, œ% 0), then equation (22.23) 
takes the aperiodic form 

(Tap +1)Ay = —k, Aw. (22.26) 


Finally, if we neglect the mass and the resistance, we obtain the 
equation of an ideal sensitive element: 


Ay = —k,Ao (22.27) 
Let us now introduce the relative deviation 
y= Ay (22.28) 
Yn 


where Yn is some constant having the dimensions of y, defined below. 
We then obtain the equation of the sensitive element in the dimen- 
sionless form 


Tr» + Teitin =p, (22.29) 
where we put 


C2Yn CaYn 
Tk = ~ ae 7 Za , 
24,0 On 2awr 
Yn C190 
è = oe 
24,0 On, 20,0, j 


(22.30) 
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Approximate equalities are written for those cases where we may 
take wan ~ œa (this is usually the case). 

The quantities T, and Tx, having the dimensions of time, are 
termed the mass and damping constants while 5 is the non-uniformity 
coefficient of the sensitive element. They depend on the choice 
of Yn and &n while the time constants and transfer factor (22.24) 
did not depend on the choice of these quantities. 

Analogously to the above, the simplified forms of equation (22.29) 
will be: 
sensitive element without res‘stance 


Ti+ òn = — 9, 
sensitive element without mass 
Tri tèn =— 9, (22.31) 
sensitive element without mass and resistance (ideal) 
sn = —ẹọ. (22.32) 


Slide valve equation. Let Z denote the coordinate of the point A 
of the lever ABC, connected with the isodromic device D-8 (Fig. 78), 
s the coordinate of the point C connected with the slide valve rod 
and q the coordinate of the point E, connecting the body of the 
slide valve with the handle of the adjuster. The directions of reading 
all these coordinates are shown in Fig. 78. Their origins are taken 
such that for y = 0 and s = 0 the coordinate z is also equal to zero. 

If the point A is fixed and z = 0, the position of the point C is 
defined by the formula 


— AC . 
s= IBY ; 
if the point B is fixed and y = 0, then at the point C we obtain: 
BC 
8 = — Se 
7 AB 


Therefore for arbitrary shifts of the two points A and B the position 
of C will be defined by the coordinate 


AC BC 
s=% +8 =B! aR: (22.33) 


The magnitude of the slide-valve openings will be: 
As = 8—q (22.34) 


(with suitable choice of origin of the coordinate q). From (22.33), 
we obtain: 


As === y— 457-4. (22.35) 
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We shall consider that the shift of the point E from the handle 
of the adjuster, q, is established and remains constant in the interval 
of time considered. In the steady-state we have: 


y=, z=, As=0, 


which follows from the fact that the piston of the servomotor 4 
obviously cannot remain in place with As #0, i.e. with the slide 
valve open. The steady-state value z is defined in accordance with 
(22.35) by the formula 

i _ AC AB 


Peat ECS) | | mat 
”= 30- BL (22.36) 


Comparing this with (22.35), we obtain the equation of the slide- 
valve in deviations (in standard form) 


As = k,(Ay— ây p) , (22.37) 
where 
AC BC 
kz = FR AY =g% Az=2z—2. (22.38) 


This is an ideal element with introduction of feedback (see Table 
in Section 19). 

If there is no feedback in the system, i.e. the point A is fixed 
(for example, Fig. 18), the equation of the slide valve will be: 


As = k,Ay. (22.39) 
Let us now introduce certain nominal values: 
BC BC 
m= apis In = aa (22.40) 


(where 2, will be defined below) and the relative deviations 


As Az 
Then in place of (22.37), the equation of the slide valve in dimension- 
less form will be 


o=7-C, (22.42) 
and in the absence of feedback 
o=. (22.43) 


The equation of the regulating organ drive. A fairly exact equation 
of the hydraulic drive 4 (Fig. 78) has a complex non-linear form 
because of the complex dependency between the motion of the 
slide valve rod, the area of the opening, the quantity of working 
fluid flowing, its force on the piston of the motor and the mass of 
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the moving portions of the drive. Basically the quantity of fluid 
flowing per unit time also depends on the size of the opening in the 
slide valve As and, if we neglect its mass, imparts a definite velocity u 
to the piston of the hydraulic motor. Let (Fig. 114a) 


ú = F(As), 
where ù = 0 when As = 0 In the linear form (Fig. 114b) this gives: 


a=cAs or Àu = câs. 


la) “ (b)@ 
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The transmission to the regulating organ 5 (gate valve) is described: 
by the equation (see Fig. 78) 
IM LM 


L= Tye oF Av = —— Au. (22.44) 


From the above equations we obtain the following equation for 
the regulating organ drive (in standard form): 


LM 
pAs =kh,As, where k= WN C’ (22.45) 
which represents an integrating element. 

Introducing the known &n and 8, we obtain the equation of the 


hydraulic motor in dimensionless form 
T =06, where T; = == — (22.46) 
The quantity T,, having the dimensions of time, is termed the 
hydraulic motor constant. 
The equation of motion of the regulating organ will not be given 
separately since it is implicit in the above work. 


Feedback equation. The equation of motion of the damper piston * 
D (and together with it the point A, Fig. 78) will be: 


më = F, +F, (22.47) 


where M, is the mass of the damper piston, F, is the spring force, 
Fa is the damper force, with 


F, = F+ egz, Fa=e(2—%), (22.48) 


* It is also termed stroke regulator. 
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and F, is the pre-compression force of the spring (in the position 
z= 0), ¢, is the stiffness of the spring, c, is a proportionality factor, 
(2— ú) is the relative velocity of the piston in the damper cylinder. 

In the steady-state from (22.47) and (22.48) we have: 
Fyto = 0. (22.49) 


Neglecting the small mass of the piston m and letting ú = Aù, 
å = Az in the transient process we obtain from the same equations: 


c,Az + c,Az = CG AÙ . (22.50) 


Introducing Ayp from (22.38) and As from (22.44), we derive the 
equation of transient (isodromic) feedback in standard form 


(Tep +1)Ayp = kipas , (22.51) 
where 
_% , a BC-MN . 
T=) ks => I0 IE? (22.52) 


this is an aperiodic differentiating element (see Section 19). 

If we eliminate the damper D and join the point A with the 
piston 4 (Fig. 78) using a rigid rod, we obtain a system with stiff 
feedback (Fig. 74). Here, obviously, the displacements Az = Au 
will be rigidly coupled, from which, employing (22.38) and (22.44), 
we obtain the equation of stiff feedback 


BC-MN 


AY h = k,Ax ; where ks = ICIM 


(22.53) 


(an ideal element). 
To write the feedback equation in dimensionless form we represent 
(22.50) in the form 
C Aż Az _ MN Oan Aż 
Ca a Ia (22.54) 
The quantity zn above has already appeared in formula (22.40), 
but has remained undefined. We shall define this conventional 
nominal quantity zn in the following manner: 


aaa 
"= IM 


where £n is calculated according to (22.15); the quantities yn and 8p 
are then defined by relation (22.40). 

Thus we obtain from (22.54) the equation of transient (isodromic) 
feedback in dimensionless form 


Tn, (22.55) 


Cy 


T+% =T;, where Ty = m 
3 


(22.56) 
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and the equation of stiff feedback will be: 
c=€. 

Overall system equation. We have thus obtained a number of 
equations for the elements of several variants of the automatic 
engine velocity regulation system. Different combinations of these 
equations with each other will describe different systems. 

For example, if there is a regulated object without self-regulation, 
fitted with a regulator with stiff feedback, the equation of the auto- 
matic regulation system in the two forms will be: 


, pAw = kjAa— f(t) , | Top = &—$(#) 
(Tip + L,p+1)Ay=—kAo, Ti+ Teh +8n=—@ 
As = ka(Ay— Ayp) 5| c=n—%, j (22.57) 
pAs = k,ðs , | T&=6, 
Ayp = kAz , C=, 
or, if we combine the last three equations, then 
pa = kig — f(t) ,| Tae =É- H(t), 
(Tip + Tap +1)Ay =—k,Ao , | Trt Tri t+d4=—9, (22.58) 
(p + kakıks) Av = kak Ay; T +=; 


this is an example of how stiff feedback changes an integrating 
element into an aperiodic one. 

From (20.10) and (20.11) the general equation of the entire closed 
system in this case will be: 


L(p)Aw = —S(p)fit), (22.59) 
where 
L(p) = (Tip + Top +1)(p + kegkaks) p + kikskska , | (2960) 
S(p) = (Tip? + Top +1)(p + kgkeks) « Í 


Similarly, starting from the real properties of the investigated 
system, it is possible to take any other combinations of the equations 
-derived in this section. 

In example (22.60) the system is static, since the polynomial 
S(p) contains a constant term, where the static error of the system 
-on the linear segment 
S(0) SUPE ks p 
L(0) kika 
is proportional to the feedback transfer factor ks. 

But the deviations of the load f° may be large and the charac- 
‘teristics of the object non-linear. Therefore (22.61) must be considered 
only as a qualitative result. We shall derive a more exact static 
-characteristic for the given automatic regulation system. For the 
-engine as the object of velocity regulation it is necessary to know 


Aas = (22.61) 
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the static characteristics w(a2°), i.e. the dependence of angular 
velocity on the position of the regulating organ in the steady-states 
for various loads. For an object with self-regulation, on the basis 
of the graphs of Fig. 113 and formula (22.1) with dw/dt = 0, this 
static characteristic takes on the form of Fig. 115a. 


(b) 


z? 





In the case of an object without self-regulation (22.12) the 
quantity w does not enter into the equation of the static charac- 
teristic. We may plot only an auxiliary characteristic—the de- 
pendence of the position of the regulating organ 2° on the load 
magnitude M} (Fig. 115b). The angular velocity «œ? may have an 
arbitrary value, i.e. the engine is indifferent to the magnitude of w 
(neutral object). The angular velocity w becomes defined only in 
the presence of an appropriate regulator. 

It is further necessary to assemble the static characteristic of the 
regulator, which should express the dependence of the regulating 
force 2 on the value of the regulated quantity «œ? in different steady- 
states. 

If the regulator has stiff feedback (Fig. 74), then, on the basis 
of (22.19), (22.20), (22.36), (22.44), we write: 


ay = F,—a,(w°)— az, 





AC , BC E 
IB ape tte MeN 
_ IM 0 — 49 
P= TH) P=. 





ce, AB F,-a, & BC UN 
The quantity 2° depends on the load MY in accordance with the 
characteristics of the object (Fig. 115). Therefore, in the given system 
the regulated angular velocity cannot be strictly constant, and 
will vary with the load M,; obviously, to obtain the smallest possible 
static error of the system the parameters of the regulator should 


16 
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be selected so that the coefficient of 2 in (22.62) is as small as 
possible. 

The static characteristics of the overall automatic regulation 
system w'(If}) for various constant adjustments q (Fig. 116a) are 
obtained by eliminating 2° from equation (22.62) using the graph 
(Fig. 115). The static error in a given interval of variation of the load 


Monin < Mm < Mimar 





D M mn M Mera 
Fie. 116 


with given adjustment q is defined from the static characteristic 
(Fig. 116a) as 


0 0 
Aa% = Seen 100% : 


By analogous calculations it is easily verified that in the presence 
of transient feedback (Fig. 78) the system becomes astatic and the 
angular velocity w does not depend on the magnitude of the load 
but is defined only by the adjustment of the system (Fig. 116b). 


23. Equations of an automatic pressure regulation system 


Let us construct the equations of a system for the automatic re- 
gulation of air pressure in a certain chamber. The schematic diagram 
of the system is shown in Fig. 117, where 1 is the chamber (regulated 
object), 2 is a membrane pressure gauge (sensitive element), 3 is 
a jet, 4 is a spring, 5 is a distributor, 6 is a pneumatic motor (ele- 
ments 3, 5, 6 comprise the amplifier), 7 is a stiff feedback, 8 is a valve 
(regulating organ). The regulated quantity is the pressure p, in the 
chamber 1. 

The equation of the regulated object. Let us denote by gm the 
quantity of air admitted in one second gout the quantity of air re- 
leased in 1 second, G, the quantity of air in the chamber (by weight). 

Obviously, the difference between the input and output is the 
increment to the quantity of air in the chamber, i.e. 


(gin — Jout) dt = dG, . (23.1) 


The steady-state will occur with gin = Jout, When Ce = const = GQ. 
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Let V., 9, R, Pe be respectively the volume, temperature, gas 
constant and air pressure in the chamber, then, employing the 
fundamental law of gas physics, we may write 


PV e = GRh: 
or 


(23.2) 





Fig. 117 


If the temperature 0, is constant (as a result of the presence of 
thermal insulation or a special separate automatic regulator, not 
considered here), we obtain from (23.1) and (23.2): 


Ve dpe _ 
R0, dt Jin — Jont - 


The quantity of air supplied per second gin depends on the coordinates 
of the regulating valve position z, on the pressure in the chamber pe 
and, in general, also on the pressure p, and the temperature 0, of 
the air supplied. The quantity of air released per second gout depends 
on the air pressure in the chamber p, and the external pressure po, 
as well as on the cross section q of the air outlet from the chamber. 
In other words, 


(23.3) 


Jin = fi(%, Des Pas 9) , \ 
Jout = fe(Pey Pes 4) - j 
Equation (23.3) takes the form 


(23.4) 


Ve . 
Ro, Pe Male, Pes Pry 91) + Joutl Pes Poy 7) = 0. 


Denoting the entire left-hand part of this equation by F, by analogy 
with (18.1) and (18.5) we obtain after linearisation 


Ye Jin 29in afin Jin 
Bibb (Be J az- (50) ape— (Fhe) Ap (ane) A+ 


eai, Gout 2Jout = 
+ (For) aper (Fest) apet (Ppt) ag 0, (29.6) 








214 The Dynamics of Automatic Control Systems 


where Ape, Ag,..., are the deviations of the variables p,, 2, ..., 
from the defined steady-state values p?, 2°, ... The steady-state of 
the system, from (23.1), (23.2) and (23.4), is defined by the following 
equations: 
Ve 

Ge = Bp, Pe Jin = Jout » 
L 23.6 
gin = f(a, Dey pi, 09) , | l ) 
Jout = fal Pe, Pos q) ’ 


where the values V,, R, 0c, P1, O1, Po, g should be given. 
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If Ap,, A0,, Ag and Apo are arbitrary perturbing functions, in- 
dependent of our system (external conditions), then from (23.5) 
we obtain: 


sae 29out e 29in \° _ (Gin 9 9 
wi P+ (op) (ope) r= (ae) ArH, 8D 





where 








P 291n \° 29in \° = Jout)? X 29out\° 
Hit) = (Foe) Apat (Spr) 80.— (Foe) Ape (Bee) Aa 


The coefficients 
Er G E 
Pe) ? 2M. /’ êpe]? —\ au | 
and others may be defined, for example, as the slopes of the ex- 
perimental static characteristics at the points C (Fig. 118), corre- 
sponding to the steady-state (Pe = po, ® = 2", Po = po). These coef- 
ficients may also be determined theoretically. 
Let Pn and gn denote certain relative nominal values of the pressure 
in the chamber and the quantity of air supplied per second, for 
which the given system has been calculated. 


To reduce to dimensionless form we divide the entire equation 
(23.7) by gn and, in addition, the left-hand side is multiplied and 
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divided by Pa and the right-hand side by Ln, where 7, denotes some 
relative nominal value having the dimensions of the coordinate of 
the regulating valve 2, namely: 


g 
Ln = EAU : (23.8) 
On 
Then, introducing the relative deviation 
_ Ape - ôg 
PE Dn’? oh? (23.9) 


we obtain the equation of the regulated object (chamber) in dimen- 
sionless form 


Tab + Be = E+(t), (23.10) 
where 
= VePn 
° ROGn ’ 


e-e] ay 


— hit) 
ba ea 


This equation coincides with (22.17) except for the sign of bv. 
The quantity ß is the self-regulation coefficient of the object. The 
quantity Tą is termed here the filling time. This is the time required 
for filling the chamber with air from zero to a nominal pressure pn 
in the absence of outlet and leakage and with constant supply, 
equal to the nominal g,. In fact, integrating equation (23.3) with 
Jin = Jn, Jout = 9,0 < Pe S Pn, 9 <t < Ta, we obtain 








Pa "8 
x | Ape = Yn | dt, 
0 0 


which leads to the formula written above for Ta. 

The time constant T, and the transfer factor k, of the regulated 
object as an aperiodic element are defined from the standard form 
of the equation 

(Tip +1)ẹ = mE+f(t), (23.12) 
where 


ae _flt) 
n=% hag, MO= BG. (23.13) 


Equation of the sensitive element. The equation of motion of the 
membrane coupling rod is written in the form 


my =--P+F,+F,+F, , (23.14) 
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where m is the reduced mass of the parts moving together with the 
coupling rod, y is the coordinate of the coupling rod (for direction 
of reading see (Fig. 117), P is the air pressure in the chamber on 
the membrane, Fm is the spring force of the membrane itself, F, is 
the resistive force (friction), F, is the spring force 4. Here 


P= QmPey Fu=eX(y—-y), Fr=—-cy, F,=F,—qy, 


where gm is the membrane area, y, is the coupling rod coordinate 
corresponding to the unstressed state of the membrane cz is a coef- 
ficient of proportionality, F, is the pre-compression force of the 
spring in the position y = 0. Dividing (23.14) by_qn and putting 
Clim = 0, we obtain: 


Fy 4 
i + on! =0, (23.15) 
where c, is the stiffness of the membrane, measured in units of force 
divided by the units of area and length (for example, kg/cm?-cm). 
It may be found theoretically (Reference 47) or experimentally. 

In an arbitrary steady-state the system of equations (23.15) has 
the form 


m.. C3. 
— i +pe— ey — 41) + 9 —- 
dm lm 


ayo. (23.16) 
Qm 

Let us subtract this from (23.14) taking into account that y = Ay, 
where Ay = y—y*, and introduce the relative deviation (23.9) and 


F 
pe— ely’ — y) — + + 
Im 


h = Ay ; (23.17) 
Yn 
where Y» is some nominal value, the magnitude of which is defined 
below in deriving the feedback equation. As a result we obtain the 
equation of the sensitive element in dimensionless form 
Trt Teitin = —9, (23.18) 
where 


1 =m te, 7, = 2, b= (2-a). (23.19) 


In standard form this equation takes the form 





(Tip + Tap +1) = — kẹ , (23.20) 
where 
T? Ti a m = Tr pi Cy 
> È On" > 68 C — Calm 
ky =i = — Prim, (23.21) 


3 Yn(C;— Calm) | 
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Equation of the distributor 5 together with the jet tube 3. The 
origin of coordinates s and 2 (Fig. 117) is so chosen that, for y = 0 
and a neutral position of the jet tube with respect to the openings 
in the distributor s = z = 0. Then, as is evident from the diagram 
(Fig. 117), the size of the distributor opening will be 


CA 
s—2= 559-2. (23.22) 


In the steady-state the tube must be in the neutral position 
(s—z = 0), since otherwise the piston of the pneumatic drive 6 
would move. From this we have for the steady-state 


CA 
2 = za” . 
Subtract this from (23.22) and introduce the relative deviations 


on, tae, (23.23) 
where the relative nominal values s, and gy are taken in the following 
manner: 


CA 
Sn = Zn = BA “Yn. (23.24) 


As a result we obtain the required equation 
o=n—t. (23.25) 


The equation of the pneumatic drive. The drive 6 (Fig. 117) and 
the transmission from it to the regulating organ 8 here is similar 
to the above (Section 22), with the replacement of oil by compressed 
air as the working fluid. Therefore the approximate equation of 
the pneumatic drive together with the transmission to the regulating 
organ will be the same: 


Ti=0, (23.26) 
where 
_ MN aan 
T. =737 FA (23.27) 


and the coefficient ¢ characterises the relation ú = c(s—z) between 
the size of opening in the distributor of the jet tube (s—z) and the 
velocity of the piston ù. 
Feedback equation. For stiff feedback 7 we obtain easily the 
relationship (see Fig. 117) 
OG OG-MN 7 


2z=>—uU 


DA “OHIM”: (23:28) 
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From this in relative variables (23.23) and (23.9) we obtain the 
equation of stiff feedback 


t=6&, (23.29) 
if the nominal value z, is taken in the form 
OG.-MN 
Zn = OH LM’ Tn . (23.30) 


This condition eliminates the arbitrary character of the choice of Yn. 
discussed in introduction of expression (23.17). In essence, now Za 
is taken from (23.8), Zn from (23.30), 3n and Yn from (23.24). 

Overall system equation. Thus, collecting all the final results, 
we write the equations of the system for automatic regulation of 
air pressure in the chamber (Fig. 117) in dimensionless form: 


Tap + Pp = E+(t), 
Tih + Tr tèn =—9, 


ao=7-C, (23.31) 
Té=c, | 
a = E ’ 


or otherwise in standard form (after combining the last three 
equations): 
(Tip + T.p+1)4 =- kg, (23.32) 
(Tap+1) E =N. 
From this in accordance with (20.10) and (20.11) we obtain the 
equation of the given automatic regulation system in the form 


L(p)ẹ = 8(p)f (t), (23.33) 


L(p) = (Tip +1)(Tsp + Tap +1)(Lep +1) + kik: , 
S(p) = (Tip + Tap +1)(Tep +1). 


Just as has been done here, it is possible to reduce equations of other 
systems to a single dimensionless form. At the present time, however, 
the standard form is used more frequently, and we shall retain it 
in, and after, chapter V. 


(Tıp +1)ọ = k+} (t), | 


where 


(23.34) 


24. Equations of an automatic voltage regulation system 


Let us consider the composition and linearisation of the equations 
of an automatic voltage regulation system for a shunt dynamo (carbon- 
pile regulator). 

The schematic diagram is shown in Fig. 119. The regulated quantity 
is the voltage V applied to the power line at the shunt-dynamo 
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terminals 1. It proceeds to the electromagnet 2 (sensitive element), 
the armature of which, 3, depending on the magnitude of V, exerts 
a certain pressure on the carbon pile 4 (regulating organ). A change 
in this pressure causes a change in the electrical resistance of the 
pile r. This latter causes a change of current in the field circuit 5 and 
consequently the necessary change in the regulated quantity V 
(eliminating its deviation). This is a direct-acting regulation system 
(according to Polzunov’s principle, Fig. 10). 
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The series resistance R, (Fig. 119) serves for adjusting the system 
with the aid of a constant setting of the slide to the required value 
of the regulated quantity V, which is to be maintained constant. 
Adjustment may also be carried out by changing the spring force s. 

The equation of the regulated object (dynamo). The voltage V 
depends, firstly, on the field current, secondly, on the mains load 
and, thirdly, on the angular velocity of the dynamo armature. 

The first of these relationships is defined by the equation of the 
field circuit 

al, 
1 “dt , 
where J, and R are the current and the resistance of the field circuit 
(Fig. 119), r is the carbon pile resistance, L, is a coefficient having 
the dimensions of inductance and defined by the design of the dynamo 


armature, but dependent also on the angular velocity of the ar- 
mature, i.e. 


V = 1,(Ry+r)+L (24.1) 


L = L,(n) , (24.2) 
where n is the number of revolutions per minute of the dynamo 
armature. 


Let the steady-state dynamo operation be characterised by certain 
constant values V°, 7°,7°,n° The equation of the steady-state 
process from (24.1) will be: 


Po = INR, +r’). (24.3). 
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The linearised equation of the field circuit (24.1) (according to 

Section 18) takes the form 
AV = (R,+7°) AI, + TAr+;Al, , (24.4) 

where 

Ii = L,(n’) . (24.5) 
To establish the voltage dependence on the load current J, and 
on the number of revolutions per minute n let us take the static 
load characteristic of the dynamo at the steady-state values n = n° 
and I, = If (Fig. 120a) as well as the static external characteristic 
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of the dynamo V = F (I, n), expressing the relationship of voltage V 
on the load current Z, and the number of revolutions per minute n 
in the steady-state value of the field current I, = I? (Fig. 120b). 
This static characteristic V = F,(I,,) may be obtained by simple 
plotting of a series of load characteristics Fig. 120a, recorded at 
various constant of I, and n. 

Considering the smallness of variation I, = I? + AJ, in the regu- 
lation process, we may write: 

aU 


0 
V =F (I, 0) + Gr) Al, , (24.6) 


0 
where 64 represents geometrically the slope of the tangent to 
1 
the load characteristic (Fig. 120a) at the point C, corresponding to 
the steady-state. Here, as usual, we neglect the armature inductance, 
and the armature reaction is considered lumped in the load charac- 
teristic. Let us introduce for conciseness the notation 
o or) 

Ry = Gr i (24.7) 

with which (24.6) takes the form 
V = Fh, n) + RAL. 

From this we obtain: for the deviation AV = V—V® 


AV = RAL, + F(T, n)—V° ’ (24.8) 
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where 
V° = FYI, n’), (24.9) 


which corresponds to the point C in Fig. 120a. 
Expressing from (24.8) the quantity AJ, and substituting it in 
the field circuit equation (24.4), we find: 


AV -Btr avtrat ar ia —([F (Ih, n)— V°]— 


u 








PF, n)— V°]. 


Bringing this to standard form, we obtain the following equation 
for the regulated object (dynamo): 


(Tıp +1)AV = — kâr + (bop +b)f (t), (24.10) 
and 
o D PR, 
1.0 a? ; a p,p p ? 
Be Rit — Ry (24.11) 
b= T, “Ra Pee 
f(t) = Fh, n)—V°, (24.12) 


where I, = L(t), n = n(t). 

Here it is assumed that during the regulation process the load 
current may vary arbitrarily in time I, =J,(t) and the number 
of revolutions per minute n = n(t), ie. equation (24.10) is con- 
structed for a regulation process with arbitrarily varying external 
perturbations. 

For the transient process with steady-state external conditions, 
where from (24.12) and (24.9) we have f(t) = 0, the equation of 
the regulated object will be: 


(Tıp +1)AV = —k,Ar. (24.13) 


Thus, the regulated object in the given system is an aperiodic 
element. 

The equation of the sensitive element (electromagnet with armature), 
Let us first consider the process in the electromagnet circuit and 
then the electromagnet armature motion. 

The process in the electromagnet circuit 2 (Fig. 119) is described 
by the equation 


d®, 


Wiz + (Ra +R) =F, (24.14) 


where R, and N, are the resistance and the number of turns in the 
electromagnet winding, Ra is the series rheostat resistance for ad- 
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justing the system, J, and ®, are the electromagnet current and 
flux. The quantity ®, depends on the ampere-turns of the coil AW, 
and on the gap ô. For a given number of turns N, we have 
D, = (Ia, è), which is represented graphically in Fig. 121. 
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The gap depends on the angle of rotation of the armature « (read 
from the attracted side, Fig. 119). For small « we have: 


è = eee (24.15) 


where by ò, is denoted the gap at « = 0 and by b, the arm (Fig. 119). 
Obviously, 


db, êD, dl, ab, dè _ a, dIa 2D) da 
Ma Na ae tay ae CL a te - AS 
or 
2 A = 1,4 oi ; (24.16) 
where we put 
HSN pene (- =): (24.17) 
a, ? i as ; 


Both partial derivatives are defined graphically as the slopes of 
the tangents to the curves ®, = ®,(Z,) and ®, = ®,(8) in Fig. 121 
(with respect to the scale of the drawing). The second of these partial 
derivatives is negative and therefore the minus sign before it in 
formula (24.17) gives T, > 0. 

As a result of substituting (24.16) equation (24.14) takes the form 


dI £ da 


Le- + (R+ R)I = V-T; a: (24.18) 


In the steady-state we have: 
(R,+R,)12=V". (24.19) 


Introducing the deviations AI, = I,—I2, Aa = a--a°, AV =V—V° 
and subtracting (24.19) from (24.18), we obtain the equation of 
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the electromagnet circuit in deviations 


(Tap +1) AL, = k{ AV —TopAa) , (24.20) 
where 
I$ 1 
MBE, "RTE, oe 


and the quantities L} and T$ are defined at the points C (Fig. 121), 
corresponding to the steady-state: I, = I2 and 8° = 8,—D,«°. 

The dynamics of motion of the electromagnet armature 3 (Fig. 119) 
are described by the equation 


Jä = Fb, — Feba +Fb,— M; ’ (24.22) 


where J is the moment of inertia of the armature with respect to 
its axis of rotation, F, is the tractive force of the electromagnet, 





F is the reaction of the carbon pile (equal to the pressure of the 
armature on the pile), F, is the spring tension, b,, bz, ba are arms 
(Fig. 119), M; is the friction resistance to the motion of the armature. 
Then 

F, = F+ abg, F = Fo— cba — cba, My = Cyr, (24.23) 


where F, is the preliminary spring tension (at « = 0), c, is the spring 
stiffness, F, is the pre-compression of the pile (at æ = 0), c, is the 
elastic coefficient of the pile stiffness, c and cz are coefficients of 
proportionality of the “‘viscous’’ friction, b, and b; are arms (Fig. 119). 

For an arbitrary given gap 8 the tractive force of the electro- 
magnet will be: 

F= kI, (24.24) 
where the coefficient k depends on the design of the armature and 
the magnitude of the gap 8. It may be found experimentally and 
represented for a given design in the form of a graph k = k(8) 
(Fig. 122a). 

In the steady-state from (24.22) (24.23) and (24.24) we have: 


bik (IEF = Fyby— Fob + (6,03 -+ e962) a” , (24.25) 
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where X is defined from the graph (Fig. 122a) at 8° = &, — b,a? (from 
(24.15)). 

Substituting (24.23) and (24.24) in equation (24.22) and linearising 
it in accordance with (18.5), we find the equation of motion of the 
electromagnet armature in deviations: 


JAë + (Ca + cbg ) A& + (ab? + C23) Aa 
= b,k°2T3AT, + b (IF [Fs 5) AS. (24.26) 


Noting that in Fig. 122a of 0, we introduce the notation 


G=— Gy) (I2), ¢ =2Rk, (24.27) 


where k® and (a a are taken from the graph (Fig. 122a) at the point O, 


corresponding the steady-state of the system when & = $8, — b,x. 

Bringing equation (24.26) with the notation (24.27) to standard 
form, and taking into account (24.15), we obtain the equation of 
motion of the electromagnet armature in the form 


(Tip? + Tap +1) Aa = hAl, , (24.28) 
where 
moo Io o 
a abite + obs — ab obi” 
mp Ca + caba 
T; = PEO aT (24.29) 
5b, 








: abit ebi — ebi | 

Thus the dynamics of the sensitive element of the given automatic 
regulation system are described by two differential equations: 
(24.20) and (24.28). In equation (24.20) are two “input” quantities 
AV and Aa, but the latter is the “output” in the second equation 
(24.28). Consequently, the sensitive element of the given regulator 
may represent an assembly of two elements (aperiodic and oscil- 
latory) with transient feedback, expressed by the presence of the 
term —I2pAq, shown in the schematic diagram (Fig. 123). Physically 
this transient feedback is a result of the dependence of the electro- 
magnet flux on the armature motion, where the feedback transfer 
factor T% is defined from (24.17) by the slope of the characteristic 
©,(8) (Fig. 1216). 

The single equation of the sensitive element from formulae (21.9) 
and (21.10), derived for the open network with feedback, will be: 


(Lap H1) (Tip + Top +1) + kak 2p] Aa = kakaAV. (24.30) 
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Simplified forms of the equation of the sensitive element are 
possible: 

(1) if we neglect the moment of inertia of the electromagnet 
armature J, i.e. the quantity 7,, we obtain 






(TT p? + Tap +1) Aa = kak AV , (24.31) 
where 
T, = Ta + Ta + kgkgl's (24.32) 
AV A, 
p Zp 
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(an oscillatory element for T; < 2y T,T, or a second-order aperiodic 
element for T > 2y TT); 

(2) neglecting, in addition, the viscous resistance (T, œ 0) gives 
the equation of the sensitive element 


(Tp +1)Aa = kkAV, To’ = Tr + hgh TD (24.33) 


(aperiodic element); 

(3) neglecting the moment of inertia of the armature (T, =œ% 0), 
viscous resistance (T, +0) and the influence of a small shift of 
the armature on the process in the electromagnet (I, = c, = 0), we 
obtain the equation 

(Tap +1) Aa = kk3AV , (24.34) 
where 
, Cyd, 
i Cba + Cob2 EER 
(aperiodic element). 

The equation of the regulating organ (carbon pile). The dependence 
of the elegtrical resistance r of the carbon pile on the pressure F' or, 
which is analogous to this, on the angle of rotation of the armature «, 
is determined experimentally and given in the form of a graph in 
Fig. 122b. Let the steady-state correspond to a certain point C («?, r°). 
The deviation of the magnitude of the resistance in the transient 
process will be: 


Ar = kba , (24.36) 
where the transfer factor 
or 0 
Gs (z) (24.37) 


is defined as the slope at the point C (Fig. 122b). 
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Overal system equation. In complete form the equation of the 
overall automatic voltage regulation system is composed of (24.10), 
(24.30) and (24.36). These equations are simplified by substitution 
of (24.30) by (24.31), (24.33) or (24.34). If we take expression (24.31), 
then from formulae (20.10) and (20.11) the overall system equation 
will be: 

L(p)AV = S(p)f(t), (24.38) 


L(p) = (Tıp +1) (T.Tsp? + Top +1) 4+ kikokska , \ 
S(p) = (bop +b) (TaT p? + T2p +1) . 


where 


(24.39) 





Io mtn 1, 1i maz 
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The static error of the system on the linear portion will be: 


b 
FRR 
where the coefficients b, k,, ka, kg, ką were defined above through 
the various parameters of the circuits in the system. 

The complete static characteristic of the system is determined 
on the basis of the non-linear characteristics of the object and regu- 
lator element (similarly to Section 22) and take the form of Fig. 124. 
We give there two different presentations of the system adjustment 
by means of resistance #,: (a) at various nominal potentials for 
the same load range, (b) for various load ranges at a common no- 
minal potential. 


AV = (24.40) 


25. Equations of automatic aircraft-course regulator 


Without considering modern complex autopilot systems, let us 
consider the equations of an automatic aircraft-course regulation 
system (with a course autopilot) from the simplified schematic 
diagram (Fig. 125). 

The regulated object is the aircraft, the regulator is the course 
autopilot, conventionally represented in Fig. 125 adjacent to the 
body of the aircraft, while the regulated quantity is the angle of 
rotation | of the aircraft axis read from the required course 
direction. 
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The sensitive elements of the course autopilot are the free gyro- 
scope 2 installed in the aircraft, measuring the angle of rotation ọ 
and the rate gyroscope 3, measuring the first and second derivatives 
with respect to time } and ¢ of the angle of rotation ¢ (i.e. the angular 
velocity and angular acceleration of the aircraft about the vertical 
axis). 

From the sensitive elements the current proceeds through the 
potentiometers 4,5,6 to the control winding of the differential 


Gear vox Rudder 
+ eo 10 








` 


Fig. 125 


magnetic amplifier 7. In the magnetic amplifier summation and 
amplification of these three signals takes place. The resulting alter- 
nating current is applied to one of the windings of the reversing 
at electric motor 8 which, through the gear box 10, rotates the 
rudder 11 (regulating organ). The rudder acts on the aircraft, thus 
closing the regulating loop. 

There may also be an additional negative feedback 9, in which 
the rheostat slide shifts together with the rudder rotation and the 
voltage taken from the rheostat goes to a fourth control winding 
of the magnetic amplifier. 


Equation of the regulated object. Considering only small deviations 
of the aircraft from rectilinear horizontal flight, we shall consider 
that the motion of the aircraft in the horizontal plane (with respect 
to course) in the first approximation is independent of its motion in 
the vertical plane (pitch) and of banking in a more general treatment 
the course and banking are not separated). We shall construct firstly, 
two equations of motion of the center of gravity of the aircraft, 
projected on the tangent to the trajectory (i.e. in the direction of the 
velocity V) and on the normal to the trajectory, i.e. in the direction 
n, perpendicular to the velocity V (Fig. 126), secondly, the equation 


16 
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of rotation of the aircraft about the vertical axis passing through its 
center of gravity (perpendicular to the drawing). These three 
equations are: 

dV 


ee = TX , 
2 
mi, =Z-—Zr, (25.1) 
do 
JS =Ma- Ma- M, 


where m is the mass of the aircraft, T is the thrust, X and Z are 
the aerodynamic forces (frontal and side resistance), R is the radius 





of curvature of the trajectory, J and w are the moments of inertia 
and the angular velocity of the aircraft with respect to the vertical 
axis, Z, and M, are the perturbing force and moment (arising, for 
example, from inexact correspondance between the true direction 
of the thrust and the calculated, or arising from wind), M, is the 
aerodynamic resistive moment against the rotation of the aircraft, 
M, is the rudder moment. 

For simplicity the velocity of the V will be considered constant. 
Therefore the first of equations (25.1) gives only T = X (the thrust 
should be equal to the drag) and drops out of further consideration. 

The second of equations (25.1) will be transformed, noting that 
V/R is the angular velocity of rotation of the vector V in the motion 
of the aircraft over a curvilinear trajectory (broken line in Fig. 126). 
The angle between the velocity and a fixed direction, as is evident 
‘from the figure (Fig. 126), is equal to $-8. Consequently, 


R at 
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where ¢f is the angle of yaw, $ is the angle of slide. The angular velocity 
of rotation of the aireraft itself will be: 
ga, 

The aerodynamic forces and moments Z, Ma, and M, are, gener- 
ally speaking, non-linear functions of a number of variable coordi- 
nates of the aircraft in flight. We shall consider only the following 
principle relations (aerodynamic characteristics of the aircraft): 


Z=Z(8), Ma= Ma4, 8), M, = M,(3), 


where 8 is the angle of deviation of the rudder from the neutral 
position. 
The perturbing forces and moments Z, and M, are arbitrary 
functions of time, 
M,=M,(t), 2,=2Z,(t), 


independent of the automatic regulation system under considera- 
tion. 
Equations (25.1), considering (25.2), are written in the form 


Jb+ Mal}, B) + Mè) = M(t) ’ | 
mV -+ Z(B)— mVY = Z,(t) . 


Let the steady-state flight be defined by certain values ) = °, 
B = B°, è = ò. In view of the smallness not only of the deviations 
Ad = p—°, AB = B— f°, Ad = 8—&, but of the steady-state values 
themselves 4°, 8°, &, linearisation of the aircraft equations (23.3) 
is frequently carried out in the total quantities ), B, è rather than 
in deviations, specifically: 


(25.3) 


J+ May + Mig + MÈ = M(t), 
mV + Z°B— mVY} = Z(t), 


where we introduce the notation 


weige ea] la A 
ay ap a a8 
and the partial derivatives (slope of the aerodynamic characteristics) 
are taken at p= ġ =—=8=8=0. 

The steady-state flight (4°, B°, ò) for given constant perturbing 
moments and forces Mp and Zp are defined from (25.3) with 
respect to non-linearity of the aerodynamic characteristics by the 
equations 


(25.4) 








MA(0,8°)+H(S)= Mz, Z(8)=Z, (25.5) 
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and from (25.4) in linearised form, by the equations 
MER + MP = MR, Z°e°= 2. 
This signifies that because of the presence of constant magnitudes 
of perturbing forces Af} and Z the steady-state rectilinear flight 
will take place with a certain constant slide angle 6° at constant 


deviation of the rudder position 5. Z 
The equations of the aircraft (25.3) or (25.4) in deviations will be: 


TAG + MAY + MAB -+ M7A3 = My— Mp, | 


mV A8+Z°AB—mVAy =Z,—-Z,, J (25.6) 


where the coefficients Jf}, M$, M?, Z? may have the previous 
values. But it is more correct to take them as the slopes of the 
tangents to the corresponding aerodynamic characteristics at the 
points of steady-state flight (8°, 8°, | = 0). 

Reducing this to standard form (Scction 18), we find the equation 
of the regulated object (equation of perturbed motion of the aircraft) 
in the form 

(Typ +1) pAy = —k,AS—k,AB + 7,(t) , | (25.7) 
(Tap +1) AB = Tap} + f(t) , Í l 
or after eliminating the quantities A§; 


(Tip +1)(Tap +1)+ kT] på} 
= —k,( Tip +1)A8 + (Tap +1)fi— kefz, (25.8) 





where 
J mV M? M? 
Ti =—, Seer ky = p? = ’ 
2 J1? É Z a = ee 
(t)— t)— 
ft) =, yy - 
M$ Z 


The fact that Ap itself does not enter into the aircraft equation 
(25.8) but only the angular velocity pA} indicates the neutrality of 
the aircraft to the course direction (this is a result of the independence 
of the aerodynamics characteristics of the angle Ņ itself). In this case 
the aircraft represents an oscillatory element with introduction of 
integral (sce Section 19) or a second-order aperiodic element with 
introduction of integral, depending on the corresponding coefficients. 

To simplify the prublem the motion of the aircraft is sometimes 
studied more coarsely, without taking into account the slip (8 = 0). 
Then the equation of the regulated object takes the form 


(Tip +1)pAy = —K,A8 + f(t) (25.10) 


(aperiodic integrating element). The aircraft described by this ap- 
proximate equation is termed a neutral aircraft in the literature. 
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Equations of the sensitive elements. The free gyroscope 2 and the 
rate gyroscope 3 (see Fig. 125) will be considered ideal, assuming 
that by the use of special corrections we have succeeded in obtaining 
without distortion an angle proportional to the angle y of rotation 
of the aircraft on the slider 4 connected with the free gyroscope, 
and on the sliders 5 and 6, connected with the rate gyroscope, angles 
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proportional to the angular velocity b and the angular accelera- 
tion ). As a result the equations of the sensitive elements take the 
form 


Vi= k4p, Ve=kb, V= k30, 
or in deviations from the steady-state values: 
AV, =kAY, AV, = kspAŅp, AV, = kg p Ap, (25.11) 
where in the steady-state 
Vi=ky, Ve=Ve=0. (25.12) 


Equation of the magnetic amplifier. The circuit of the ‘differen- 
tial magnetic amplifier with positive feedback is given in Fig. 127. 
It has four pairs of control windings 1, 2,3, 4 and a pair of windings 
for the internal positive feedback 0. Windings 1, 2,3 are connected 
with the sensitive elements of the autopilot and winding 4 is con- 
nected in the negative-feedback circuit from the rudder. 

The dependence of the total change of the constant components 
of the magnetic flux ® as a function of the magnitude of the magnetis- 
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ing mmf is expressed for the given circuit in the form 
© = y(1,N,+1,N3+1,N3+1N.+IoNo), (25.13) 


where the components in the parentheses denote the ampere-turns 
of the windings 1, 2, 3, 4 and the internal feedback of the amplifier 0 
respectively. The quantity y is a coefficient of proportionality de- 
termined experimentally. 

For the circuits of each of the pairs of control windings it is possible 
to write: 


Pee ee Pe a (25.14) 


Let us denote the gain factors of the magnetic amplifier with 
respect to current for each of the pairs of control windings (with 
the remaining disconnected) by gi, 42, 43» Qa» i-€. 


I I 
Zam Fok (25.15) 


Neglecting delay in the alternating-current circuit we assume 
that the current I at the output of the magnetic amplifier is propor- 
tional to the total change of the constant components of magnetic- 
flux ®. Consequently, 

b =! and Ip<I, (25.16) 
where « is a coefficient of proportionality which may be defined 
through the gain coefficients (25.15) for each of the four pairs of 
control windings individually, with the remaining control windings 
disconnected. In accordance with (25.13), (25.16) and (25.15) we 
obtain: 


I qı 
a = — n 
LN, +IN, N. No)’ 
yi a o) y( Fa o) (25.17) 
a 


= 7(1:N,+INo) F Y(Ne+ 4 No) A 
Further, substituting in equation (25.13) the quantities (25.14) 
and (25.16), we find: 


4 4 
Ni aI I aU, N; 
n = I = c, 
ia Rill yaNo) at Pa Rl —yaNo) 


Then the quantity « in each of the four components in the left 
and right-hand sides of this equality is replaced by the corresponding 
expressions (25.17). As a result we obtain the following dynamic 
equation of the magnetic amplifier: 


dI 
ta +I = kV t+ ksh a t+ kVa + kV, ’ (25.18) 
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or in deviations: 


(Tap + 1)AI = k, AV, +h,AV,+ kAVs +k,AV, ’ (25.19) 
where 
4 
N N, 
tml ? (25.20) 
u=, kop heg =e 


The magnetic amplifier thus represents in the present case an 
aperiodic summation circuit with time constant T, and gain coef- 
ficients ky, ks, kg, kr. 

In the steady-state, considering (25.12) and (25.18), we have: 


D = k Vit kV. (25.21) 


Equation of the regulating organ drive. The drive consists of an 
electric motor and gear reduction with transmission to the aircraft 
rudder (regulating organ). One of the windings of the motor (Fig. 125) 
is fed by alternating current fròm the output circuit of the magnetio 
amplifier and the second from an external source. The relation 
between the angle of rotation 5 of the rudder and the current in 
the first winding is written in the form 

IS4k'S = k'i, 
where J and k’ are the moment of inertia of the entire mass rotated 
by the motor and the entire resistance moment reduced to the axis 
of the rudder, k’’I is the rotating moment, k’ and k” are given coef- 
ficients. Dividing these equations by k’ and passing to deviations, 
we obtain the equation of the regulating organ drive in the form 


(Ty p+1)pAs =k, AT, (25.22) 
where 
J k” 
Tsp hsp: (25.23) 


It is not necessary to set up separate equations for the regulating 
organ since its motion has already been taken into account here. 

Feedback equation. The feedback consists of the potentiometer 9 
(Fig. 125), the slider of which is rigidly coupled to the shaft of the 
reduction gear. Therefore the voltage taken from it V, is propor- 
tional to the angle of rotation of the rudder 5. Consequently, the 
feedback equation will be: 


AV, = —k,A8, (25.24) 


where in the steady-state 
Y= — kb. (25.25) 
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The voltage V, is applied to the fourth control winding 4 of the 
magnetic amplifier and was taken into account in its equation (25.19). 

Overal system equation. The equation of the closed automatic 
course regulation system (aircraft and course autopilot) thus consists 
of (25.8) (or (25.10)), (25.11), (25.19). (25.22) and (25.24). 

Let us write the equations of the entire course autopilot indi- 
vidually. Substituting (25.11), (25.22) and (25.24) in equation (25.19), 
we obtain the equation of the course autopilot in the form 


(Tap +1)(Tip +1) p + hp] Ad = (ky + kip kjp’) Ay , (25.26) 
where we have put 
ky = akaka, ky == eskeko, koy == Wel Tegleg, kp = krkoko. (25.27) 


In the regulation function (see Section 14 and Section 15) here, as 
we see, in addition to the deviation magnitude Ay we have introduced 
also its first and second derivatives. In the absence of feedback 
(k; = ky = 0) the autopilot equation will be: 
(Tap +1)(T,p+1)pA8 = (ky + k; p+ kp’) Ay , (25.28) 
i.e. the integral of the deviation enters into the regulation function, 
eliminating the static error of the system with respect to the angle 4. 
In fact, in the presence of stiff feedback the equation of the entire 


system (aircraft with autopilot) from (25.8), (25.26), (20.10) and 
(20.11) takes the form 


L(p) Ap = S(p) flt) — Sp) felt) 5 (25.29) 


L(p) =[(T,p +1) x (Lop +1) + kaTa] 
(Tsp +1)(T.p+1)p+kpl]p + 
+hy( Tap +1) (ky +k; p+ kyp?) , (25.30) 
Sip) = (Tap +1) (Tsp +1) (Tip +1)p + kpl, 
Sp) = kd(Tap +1)(Tip +1) p+ kpl. 
From (21.35) the static error of the system with respect to each 
of the perturbations will be: 


where 


k kk 
Aven = Tik, mazi Apa = Tk, fms (25.31) 


it drops out in the absence of stiff feedback 9, introduced into the 
circuit in Fig. 125, since without it kp = k,k,k, = 0. 
26. Equations of a servomechanism 


Let us consider a servomechanism, the schematic diagram of 
which is shown in Fig. 128. The command device is a handwheel, 
rotated from without according to an arbitrary function « = a(t). 
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This angle of rotation should be reproduced by the control object 
with change of scale factor: ko«(t). 

The error detector ED is here a mechanical differential, the output 
shaft of which gives the difference of angles of rotation of the input 
device shaft and the feedback shaft (i.e. the error angle y). The 
mechanical feedback shaft may be replaced by an electrical one 
using selsyns, as in Fig. 21. 


Input device 
Feedback shaft 


“v 
v 
= 
-~ Uu 
ow 
bey 
-A 
co 
o 
(S) 





Fia. 128 


The error angle, obtained by means of the rheostat 1, is trans- 
formed to the error voltage V,. The electric circuit consisting of the 
capacitance C and the resistances R, and R, is a differentiating 
device.-As a result, a voltage V, is applied to the input of the de 
amplifier equal to the sum of two terms, proportional respectively 
to the error angle and its first derivative with respect to time. 

The amplified current I, passes through the field winding of 
generator Œ (its drive is not shown in the circuit). The armature 
circuit of the generator is connected in series with the armature 
circuit of the motor M with independent excitation. The motor 
rotates the controlled object through a gear reduction P,. 


Equation of the controlled object with motor. Let us denote 8 
(Fig. 128) the angle of rotation actually obtained at the control 
object (regulated quantity). The differential equation of rotation 
of the object is written in the form 


JË = M,—M,—M,, (26.1) 


where J is the moment of inertia of the entire mass rotating together 
with the shaft, reduced to the shaft, M, is the rotating moment at 
the shaft of the object from the drive side, M, is the moment of 
the friction force and resistance, M, is the moment of the external 
load on the object. 
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The rotating moment on the dec electric motor shaft with in- 


dependent excitation is: 
eS pı NÒ 
M; eN P20r I, ’ 





where p, is the number of pole pairs, pz is the number of parallel 
pairs of branches of the armature winding, N is the number of con- 
ductors in the armature winding, ® is the field flux, I, is the current 
in the armature. 

Since the reduction gear P, is characterised by the relation 





6 = k o (26.2) 
(k, is the transfer ratio of the reduction box, k, <1), we obtain: 
To 
M, = g = AA ; (26.3) 
La 
where 
p,NO 
¢ = ; 
Dok, 207 
The friction and resistance moments 
M, = CAC) . (26.4) 
The moment of the external load on the object 
M, = M(t), (26.5) 


which plays the role of an external perturbation. 
Substituting (26.3), (26.4) and (26.5) in equation (26.1), we obtain 
the required equation of the controlled object with motor: 


(Tıp +1)pp = k Ila— f(t), (26.6) 
where 
ze a4 Mt) 
De ey f(t) = Ce (26.7) 


(aperiodic integrating element). 

Feedback equation. Considering the required scale constant k, of 
the forward circuit of the system, let us introduce into the feedback 
loop a reduction gear P,, such that (see Fig. 128) 


a = E B. (26.8) 


Equation of the error detector. At the output shaft of the differ- 
ential ED, the angle of rotation y is equal to the difference of angles 
of rotation of the two input shafts a and a, i.e. 


y=a— t, (26.9) 


where y is termed the error angle. 
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Potentiometer equation. We shall consider that the voltage V, taken 
from the rheostat is proportional to the angle of rotation y of its 
slider, i.e. 

Vi = key, (26.10) 
where k, is the transfer or gain factor of the potentiometer, V, is 
the error voltage. 





Equation of the differentiating device. This device consists of 
the network CR,R, (Fig. 128), which is shown separately (Fig. 129). 
Writing the obvious equality 
otn- nh Ms 


i i R TR’ 
we obtain from this the required differential equation of the device 
(Tep +1)Va = (ks + ksp) Vi , (26.11) 
where 
CR,R. 
Ti = ks = 1443 ; 
Rioha (26.12) 
gai 
” Rith 


This is an aperiodic element with introduction of derivative. 
Using this, the derivative is introduced into the regulation function. 
The time constant T, indicates the non-idcalness (‘ʻinertia’”’) of the 
given device. A second type of differentiating device has been given, 
for example, in Fig. 89c. 

Equation of the ampliefier and generator field circuit. Denoting 
by L, and R, the inductance and resistance of the generator field 
winding (Fig. 128) and by R; the anode resistance of the amplifier 
tube, we may write the equation 


al, 
di 
where q is the gain factor. From this, after division by (R; -+ Ra), 
we obtain: 


Ly- + (Rit R) = 92, (26.13) 


(Tsp +1)Is = kV, (26.14) 
where 
; DL; 
a Ri + Rs’ 





=a. (26.15) 
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Equation of the armature circuit. The generator and motor arma- 
tures comprise a single circuit. Let L, and R, denote its total in- 
ductance and resistance. Then 


al, 


Lay 


+ RI, = E;— En ’ (26.16) 
where E, is the emf of the generator, Em is the counter-emf of the 
motor. 

It may be assumed that 


Eg T kods , 


since in the given circuit (Fig. 128) the generator operates in a recti- 
linear (non-saturated) portion of the characteristic. 

The counter-emf of the motor is proportional to the angular 
velocity of the motor shaft i.e., taking into account (26.2) 


) — km 
Em = kmo = i, 


Substituting the expressions for E, and Em in equation (26.16), 
we obtain: 


(Tip +1) = kI3— kep , (26.17) 
where 
on De _ kg EN km 
MR k= R’ kR (26.18) 


We note that in equation (26.17) aside from the input quantity I, 
taken from the preceding circuit (generator field winding (26.14)), 
there is a further input quantity p8, which is equivalent to one 
taken from the last circuit of the system (from the output of the 
reduction gear P,). As a result of the appearance of the motor counter- 
emf the term k,pß has appeared in equation (26.17), and this repre- 
sents an additional negative and transient feedback. 

The overall system equation. From the above equations the structural 
block diagram of the system is represented in Fig. 130, where the 
transfer function of each element is given. In accordance with the 
interpretation of the counter-emf as an additional transient feedback, 
equation (26.17) is divided into two parts: 


k 
(Tip +1) = k(Is— Ip), In= q PB, (26.19) 
5 


i.e. the effect of the counter emf is reduced conventionally to an 
additional opposing current in the field circuit, proceeding from 
the feedback to the shaft of the object and proportional to the 
derivative of the quantity 2. 
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To obtain the equation of the entire system let us write first 
the equation of the block enclosed in broken line (Fig. 130), con- 
sidering it as a separate servomechanism with external signal J, 
and regulated quantity 6. According to formulae (20.23) we obtain 
for this block the equation 


(Tip +1)(Tip +1) +h kel pp = kykglg—(Typ+1)f(t). (26.20) 


Dynamo and 
motor Motorshaft 
armature with 


circuits controlled 


object 





Considering now the entire block enclosed by broken line (Fig. 130) 
ak a single clement 1 with equation (26.20), by the same formulae 
(20.23) we find the equation of the entire servomechanism in the 
form 


L(p)8 = N(p)a(t)—S(p)f(t) , (26.21) 
where 
L(p) = ((1,p +1)(Lyp +1) +k] x 
x p(Tap +1)(Tap + L)+ kkt k'p), | soe 
N (p) = kok(k +h’p) , | (202a) 
S(p) = (T.2p+1)(T3p +1) (Typ +1); 
with 


__ kokak,k; k = Kakgkaks 


: kee? ko ’ 


(26.23) 
the overall transfer factors of the system with respect to angle and 
with respect to derivative respectively. It is easily seen that re- 
lationship (7.18) is fundamental for the servomechanism, i.e. 
C, = kgan, is here satisfied, since the polynomial N (p) has a constant 
term 6, = k,k,k, while the polynomial L(p), the constant term 
än = kk. 

If the equation of the system is written with respect to the error y, 
then from (20.21) we obtain: 


L(p)y = Np) a(t) + Sp) f(t) , (26.24) 
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where 
N (p) = (Lip +1) (Lap +1)+ kk) p(T.p +1)(Tsp +1), 


1 26.25 
BAP) = (Tap +TP +1) (Lap +1) ¢-. apea 
In the fixed stationary state («= const = a, B8 = const = B) 
we have: 
EE f° f° 
p° = 0 T VER? (26.26) 
i.e. the angle ® differs from the required one B = kyx (mentioned 
at the start of the paragraph), where this static error of the system 
is proportional to the load on the object. 
In the steady-state process of following with constant velocity, 
when we have given «= wt, i.e. pa = œ, and f= const = f’, we 
obtain a certain steady-state process 


B = wat—ABa, ph = ws. 


Let us find the quantities w and ABs. For this we substitute 
all the above relationships in equation (26.21): 


[(1 + kike) p + kilk + k’p)]B = koki(k + k'p)a— fo 
or 
[(1 + kike) + kık'] wp + kik (@pt— ABsa) = kokikat + Kigk,k’wa— f’ . 
Equating coefficients for t, we find: 
wg = koa, (26.27) 


i.e. the response velocity exactly follows the command. Equating 
all remaining terms taking into account (26.27), we obtain: 


2 (1 + kike) kowa + f° 
kik ` 


This is the stationary dynamic error of the system during following 
with constant velocity, representing the divergence of the angle 
of rotation of the controlled object from the required one, with one 
part proportional to the velocity, the other to the load. 

If the load f° = 0, then from (26.28) and (26.27) we have the 
error expression 





ABa (26.28) 


k,k 


@ 

ABs = Dp? where D= 
and we term the quantity D the “quality” of the servomechanism. 
The greater it is, the less the stationary dynamic error at constant 
velocity (per unit velocity). 


CHAPTER VII 


STABILITY CRITERIA FOR ORDINARY LINEAR 
SYSTEMS 


27. Preliminary information 


It was shown above (in Section 7) that for ordinary linear systems 
to be stable it is necessary and sufficient that all the roots of the 
characteristic equation of the given system have negative real parts 
(or, geometrically, that all roots be located to the left of the imagi- 
nary axis in the complex root plane). In Section 18 this proposition 
was extended to linearised systems. 

Therefore by calculating the roots of the characteristic equation 
it is always possible to determine whether the given system is stable 
or not. But there is no necessity to calculate the roots completely 
only to determine the stability of the system. On the other hand, 
such a method of studying stability is rarely convenient since we 
have only numerical methods to calculate the roots of equations 
of higher than fourth order, general formulae in algebraic form 
do not exist, as a result of which it is necessary to give all the coef- 
ficients of the equation in numerical form (see Section 39). But 
even for equations of the third and forth degree the general formulae 
for the roots are very cumbersome. This makes the solution of the 
problem difficult when the parameters of the system are to be chosen 
from a broad range according to the condition of stability of the 
system. 

Therefore so-called stability criteria have been developed, which 
permit consideration of the stability or instability of a dynamic 
system without recourse to calculating the roots of the charac- 
teristic equation, when this is for any reason undesirable. Before 
describing the existing stability criteria, we shall present here certain 
preliminary remarks. 

Obtaining the characteristic equation of the system. The differ- 
ential equation of motion of an automatic regulation system (and 
servomechanism) was written in the following general form: 


L(p)x = S(p)f(t)+ N(p)y(t) , (27.1) 
241 
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where g is the deviation of the regulated quantity, f(t) is the external 
perturbation on the object, y(t) is the external command signal 
on the regulator. In chapters V and VI we have obtained expressions 
for the operational polynomials L(p), S(p), N(p) for various systems 
in the general form and in specific examples. 
The characteristic equation of a closed automatic system from 
(27.1) will be 
L({z) =0 (27.2) 
or 
Q(2)+R(z) = 0, (27.3) 


where Q and R are operational polynomials of the left and right- 
hand sides of the equations of the corresponding open network 
{see Sections 20 and 21) or, which is the same thing, the numerator 
and the denominator of the transfer function of the open network. 

Consequently, methods of obtaining the characteristic equation 
of the system are the same as the methods of obtaining the left- 
hand side L(p) of the differential equation of the closed system, 
described in chapters V and VI, only substituting p by z. 

The characteristic equation of the linear system is independent 
of the variable with respect to which the differential equation of 
the system is constructed and the perturbations and input signals 
introduced into this system. The right-hand side of equation (27.1), 
i.e. the operational polynomials S(p) and N (p) change substantially, 
firstly, when the variable œ is not the regulated quantity but some 
other variable in the given system and, secondly, when the point 
of introduction of the perturbation f(t) or the command y(t) acting 
on the system is changed. 

Necessary stability condition. We shall demonstrate that a neces- 
sary (but not sufficient) condition for stability of an ordinary linear 
system of arbitrary order is that all coefficients of the characteristic 
equation of the given system be positive. 

Given the characteristic equation 


a” +a! + +H an- Han = 0 (a > 0). (27.4) 


Here and below we shall everywhere introduce the condition a) > 0 
for concreteness. It does not introduce any restriction, as in those 
cases where the equation has a, < 0, the required condition a,> 0 
may always be satisfied by simple reversal of signs for all terms in 
the equation. 

Let it be given that the system is stable, i.e. that all roots of 
the above characteristic equation have negative real parts, namely, 


z = — loa];  Zzs = — |a] iwr, s Zn = — [an] - (27.5) 
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It is required to prove that all coefficients of the characteristic 
equation are always positive. 
It is known from algebra that equation (27.4) may be represented 
in the form 
Q(2— 2) (Z— 22)... (Z— 2a) = 0. (27.6) 


Substituting here (27.5), we obtain: 


a(z + Jal) (2 + læa] — Feng) (2 + |æ] + iwz)... (2 + lanl) = 0 
or 


alz + lal) Ele + laal)? + wo]... (2+ lanl) = 0 . (27.7) 


This equation may be brought to the form (27.4) by expanding 
and eliminating parentheses. It is obvious that since a,>0 and 
all the factors not explicitly written in (27.7) may be expressed 
only by one of the two forms given here, in expanding and multiplying 
nowhere can negative numbers or zeros be obtained, i.c. all coef- 
ficients of equation (27.4) are always positive if the system is stable. 
But this was to be proved. 

We shall now prove the following three propositions. 

1. The necessary condition of stability, the positiveness of the 
coefficients of the characteristic equation, is at the same time a suf- 
ficient condition for stability only for systems of first and second 
order. 

In fact, the first-degree characteristic equation 


ag+a,=0 
has a single root 


4=—- = 
1 a,’ 


while the second-degree charactcristic equation 


a2 + 4,2 +4 = 0 
has two roots 


—a,+ V ai — 4a, 


“3 = Qa 


It is easily seen that in both cases (with a> 0) the simple re- 
quirement of positiveness of the coefficients of the characteristic 
equation is necessary and sufficient to ensure negativencss of the 
real roots and the real parts of the complex roots, which means 
the stability of the system. 

2. Necessary condition for stability—the positiveness of the 
coefficients of the characteristic equation—for systems of third 
and higher orders ensures negativeness only of the real roots, but 
does not ensure negativeness of the real parts of the complex roots 


17 
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(and is therefore insufficient for stability of systems of higher than 
second order). 

Actually, if there are real roots in the characteristic equation 
(27.4), then with positive coefficients all these roots will be negative, 
since no positive number or zero can cause the left-hand side of 
equation (27.4) to vanish in the presence of positive coefficients, 
but this signifies that they cannot be its roots. 

If in equation (27.4) (higher than second degree) there are complex 
roots 2.4, then, for example, in the case where their real parts are 
positive we obtain in place of (27.7): 


a(z + laal (2 — ta])* + cof]... (2+ Jænl) = 0 
or 
adz -+ (Jo — 2 larg] ) 2” + (a2 + cog — 2 ory] - lasl) + 
+ |oul(ag + co3)]...(2+ lanl) = 0. 


_ It is easy to see that with certain relations between the numbers 
%y %, ws the coefficients of the equation in the present case may 
be positive while the system is unstable. 

Consequently, in the presence of only positive coefficients in 
the characteristic equation of higher than second degree the presence 
of positive real parts of the complex roots is not excluded, i.e. 
the possibility of instability of the system is not excluded. 

3. Above (Section 20) we mentioned without proof the desirability 
that in the equations of a single-loop automatic regulation system 
there be an odd number of right-hand sides of the circuit equations 
with minus signs, if by Q,(p) and R,(p) are understood operational 
polynomials with positive coefficients. We shall now explain this 
rule. 

In essence, in obtaining the equations of the closed system the 
expression R(p) was transferred from the right-hand side to the left 
with change of sign. Therefore an odd number of system equations 
with minus sign at the right give a minus sign before the expression 
R(p) before its transfer to the left-hand side and a plus sign after 
transfer. But this in turn ensures satisfaction of the necessary condi- 
tion of stability—the positiveness of the coefficients of the charac- 
teristic equation (27.3). 

If the system is multi-loop, this rule should be satisfied by the 
equations of individual blocks after reducing the system to a single- 
loop equivalent. 

In servomechanisms the same requirement is ensured by the 
presence of a minus sign before x, in the third equation (20.17), 
i.e. in the equation of the error detector. 

The Mikhailov curve and its relation to the sings of the real parts 
of the polynomial roots. Below in different studies connected with 
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the stability of automatic regulation systems a large role will.be 
played by the so-called Mikhailov curve. We shall therefore here 
consider the general concept of this curve. 

Let there be given some polynomial of arbitrary degree n: 


L(2) = a” + az" 4+ 2.4 an- F An (27.8) 
Substituting in this the purely imaginary value z = iw, we obtain: 
L(iw) = X(w)+iY(o), (27.9) 
where 
X (@) = Gq — an-z? + dg_yo*—... 
a es: : | (27.10) 
Y(w) = an—10 — An_g@* + Qn—-50°—... 


From (27.9) and (27.10) the quantity L(iw) may be represented 
in the complex plane (X,iY) in the form of a vector for a given 
value of w (Fig. 131a). If we vary the parameter w in the interval 
0 <a < +00, the tip of this vector describes a certain curve, each 
point of which corresponds to a definite value of w. 





Fia. 131 


The graph of the function L(iw) obtained in this way, plotted 
in the complex plane (X, iY) as the parameter varies in the interval 
0< wa < +o, is termed the Mikhailov curve for the polynomial Z(z). 

It is found that the signs of the real parts of the roots of the given 
polynomial may be decided from the shape of the Mikhailov curve. 
This was proved by A. V. Mikhailov in 1936. 

Denoting the roots of the polynomial L(z) by 2%, 2, ...)2n, We 
may write its expression (27.8) in the form 


L(2) = ao(@— 2) (@— 2a)... (Z— Zn) - (27.11) 
Then the expression for the Mikhailov curve will be: 
L(iw) = af(tw— 2) (tw— 2%)... (io—Zy) . (27.12) 


Let us consider four types of positions of a single root or pair 
of roots of this polynomial in the complex root plane («, tw): 

(1) the negative real root 2, = a, < 0 (Fig. 132a); from the rule 
for vector subtraction we find that the complex number (iw—4,) 
represents a vector AB; if we let 0 < w < +œ, the point B traverses 
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the entire positive portion of the imaginary axis, where the vector AB 
becomes constantly longer, rotating about the point A counter- 
clockwise by the angle 


T 


ptz (27.13) 


(2) positive real root 2,—«,>0; to this there corresponds 
the vector tw—z, = AB (Fig. 132b), which for 0 < œw < +00 rotates 
clockwise by the angle 


MW 5 (27.14) 





Fic. 132 


(3) a pair of complex roots with negative real parts Z,a = «% 
+iw,(a,< 0); to this there correspond two vectors iw—z, = A,B 
and tw—2, = A,B (Fig. 132c). As is evident from the drawing, the 
first of these with 0 < œ < +00 rotates by the angle 


a=t pty, (27.15) 
the second by the angle 
T 
= + 3 — Y; (27.16) 
(4) finally, to the pair of complex roots with positive real parts 
21,4 = a, +%0,(a, > 0) there correspond two vectors tw—2, = A,B and 


tw—z, = A,B (Fig. 132d), where the first of these with 0 < œ < +00 
rotates by the angle 


a=-(5+y), (27.17) 


and the second by the angle 


a=- (3-7). (27.18) 


Let us now calculate the angle of rotation of the vector L(iw) 
with 0 < œ < +o. It is well known that in multiplication of complex 
numbers the arguments are added. Therefore the required angle 
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of rotation 9 of the vector L(iw), from (27.12), will be equal to the 
sum of rotations of the vectors (tw—z,), (tw— 2), ...,(ia—2n), ie. 


P = PH Pat. +H Pn. 


From formulae (27.13)-(27.18) it is clear that in this sum to each 
of the real roots there will correspond a component + 7/2 or —x1/2 
(the signs are opposite to the signs of the roots), and to each pair 
of complex roots will correspond a component +2x/2 or —2n/2 
(the signs are opposite to the signs of the real parts of the pairs 
of roots). l 

From this there follows that if the nth-degree polynomial L(z) 
(27.8) has m roots with positive real parts (both complex and real), 
and the remaining (n—m) with negative, the rotation of the vector 
Llio) with 0 <œ < +00 will be: 


ọ = (n—m) Boma (n—2m) = A (27.19) 


This very important relationship will be widely used below. 

In deriving formula (27.19) we did not consider three particular 
cases: a zero root, an infinite root and purely imaginary roots. In 
the case of a zero root the constant term a, of the polynomial (27.8) 
vanishes; therefore the Mikhailov curve begins at the origin of 
coordinates (Fig. 1310). 

An infinite root (2 = co) of the polynomial (27.8) may be considered 
as a zero root for the variable 1/z of the polynomial 


ay +4, HaHaHa; 

and therefore an infinite root is obtained when the coefficient a, 
vanishes for the highest-order term of the polynomial L(z) (27.8), 
which corresponds to change of sign of a, (with all remaining coef- 
ficients positive). 

In the case of a pair of purely imaginary roots z= +t% the 
polynomial (27.8) vanishes with the substitution z = iw); therefore 
the Mikhailov curve (27.9) passes through the origin of coordinates 
at that point which corresponds to the value w = œ (Fig. 131c); 
therefore in this case the Mikhailov curve not only indicates the 
presence of a pair of purely imaginary roots of the polynemial, but 
their values as well. 

Thus, from the Mikhailov curve L(iw), plotted for a given poly- 
nomial L(z), the number of roots having positive or negative real 
parts may be determined, and also if there are purely imaginary 
roots and, if so, their value. In other words, the position of the 
Mikhailov curve with respect to the origin of coordinates defines 
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the distribution of roots of the polynomial with respect to the 
imaginary axis in the root plane. 

To the extent that it is important only to determine the position 
of the Mikhailov curve with respect to the origin of coordinates, 
it is not necessary to plot it exactly. In point-by-point plotting 
from (27.10) may be used either the numerical tables of K. P. Ivanov 
(Reference 31) or the method of calculating the values of-the poly- 
nomial given in Section 39. 

Example 1. The polynomial is given 


L(z) = + 22 + 229 + 462% + 892+ 260; (27.20) 





Fic.. 133 


and it is required to determine the number of roots with positive 
real parts. The equation of the Mikhailov curve for this polynomial 
will be: 
L(tw) = iwi + 204 — 2103 — 460? + 897m +260 , 
where 
X(w) = 24— 46%? + 260 , 
Y(o) = w — 207+ 890, 
and also 
dy 
ay _ do _ 5ot— 6a? + 89 
aX dX  «w(8ua*—92) 
do 
From this we find X = 260, Y = 0 at w =0 and two points of 
intersection of the curve with the Y-axis by solution of the bi- 
quadratic equation X (w) = 2w*— 46%? +260 = 0, which gives: 


w, = V10 =3-162; &=V13=3.606. 


From the expression for dY/dX we find three points at which 
the curve has vertical tangents: 


wo = 0; o, = 5 V36 =3-391 and w=oo. 


From these data alone without detailed plotting, the course of 
the required Mikhailov curve may be approximately sketched 
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(Fig. 133), and it is clear that the vector L(iw) with 0 < œ < +00 
passes through a total angle of ọ = 7/2. Consequently, we have from 
(27.19) n—2m =1 and 


i.e. two roots of polynomial (27.20) have positive real parts (lie 
to the right of the imaginary axis in the root plane). 





Example 2. Given the polynomial 
D(z) = 27+ 724 + 2325+ 3724 + 5628 + 3622+1224+4. (27.21) 
In this case we have: 
X(o) = —7o!+ 3704 — 360?+4, 
Y(o) = — w + 2305— 5603+ 120 


and 
Gy aY 


IE) = — 00 and Gz)... oo. 


Let us plot the required Mikhailov curve point-by-point. The 
calculation will be carried out in the following order. 











o | 120 | -36a* | -56a* | 3Tot | 230° | —Tot | -w | X(o) | YF (w) 
0 0 0 0 0 0 0 0 4 0 
0-5 6 -9 -7 | 2-31 0-719 | —0-109| —0-008) -—2-80|-0-289 
1 12 -36 -56 37 23 -7 -1 -2 -22 
2 24 -144 —448 | 592 736 —448 -128 4 184 
3 36 —324 | -1512 | 2997 5589 | -5103| —2187| -—2426| 1926 
4 48 -576 | -3584 | 9472 23,552 |—28,672|—-16,384|—19,772| -3632 
+00 — — — — — — — — oo — coo 





The curve plotted from these numerical values is shown in Fig. 134, 
where for clarity different scales are adopted, namely: along both 
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coordinate axes in the interval from —10 to 10 a linear scale is used 
while from 10 to the end a logarithmic scale (in all four directions). 

The vector L(iw) for 0 <w<-+co completes here: (Fig. 134) 
a rotation by the angle ọ = 7r/2. Therefore from (27.19) we have 
n—2m = 7 and 2 


i.e. the polynomial (27.21) has no roots with positive real part, 
and all the roots are located to the left of the imaginary axis in the 
root plane. 


28. Mikhailov’s stability criterion 


Mikhailov’s stability criterion for linear automatic regulation 
systems (and other dynamic systems) of arbitrary order follows 
directly from the properties of the Mikhailov curve, expressed by 
formula (27.19). It was proposed by Aleksandr Vasil’evich Mikhailov 
in 1936 (Reference 8). 

First formulation of Mikhailov’s stability criterion. Let there be 
given a differential equation of the closed automatic system (27.1). 
We may then write its characteristic equation in the form (27.2) 
or (27.3). The expression for the Mikhailov curve of this equation 
will be: 

Lito) or Q(iw)+R(ia). (28.1) 


For stability of the system it is necessary and sufficient (Section 7) 
that all roots of the characteristic equation L(z) = 0 have negative 
real parts, i.e. in formula (27.19) for the polynomial L(z) we should 
have m = 0. 

From this we derive the following formulation of Mikhailov’s 
criterion. 

For stability of an muth-order linear system it is necessary and 
sufficient that the vector L(iw) with O<w<-+oo complete a rota- 
tion by the angle 


g=n5, (28.2) 


if Z(z) denotes the nth-degree polynomial representing the left-hand 
side of the characteristic equation of the given system. 

In accordance with this stability criterion it is necessary to plot 
the approximate Mikhailov curve L(iw) for the polynomial L(z) 
(i.e. for the left-hand side of the characteristic equation of the 
system) according to the rule given in Section 27, and to find the 
angle of rotation » of the vector L(iw), starting from the origin 
of coordinates, when its tip traverses the entire Mikhailov. curve. 
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If it is found that ọ = nzx/2, the system is stable, if p < nx/2, unstable. 
For example, the curve in Fig. 131a corresponds to a fourth-order 
stable system, in Fig. 133 fifth-order unstable system, and in Fig. 134 
a seventh-order stable system. 

‘Let us consider what forms may be taken on by the Mikhailov 
curve for stable and unstable systems. We limit ourselves only to 
polynomials with positive coefficients since, if this necessary condi- 
tion is not satisfied, there is no significance in investigating stability. 





Fig. 135 


From formula (27.10) for the coordinates of the Mikhailov curve 


X(w) = On — an-20? + An-40t — song 


Y¥(w@) = Gy-1 0 — an- + dp_5o*— ... | aS 2) 
and from the formulae for its derivatives 
aX _ Š dY 
do = —2a,_-.0 + 44,4 eee gy ay _ de ae j 
dY dX aX i 
To = län- — 3an -309 + 5a,—,* — e.. 9 do 


there follow the general properties of the Mikhailov curve given 
below for polynomials with positive coefficients. 

1. The origin of the curve (w = 0) is always located on the real 
X-axis at a distance a, from the origin of coordinates, has a vertical 
tangent and is concave to the left (Fig. 135). This follows from 
the fact that from (28.3) the quantity X decreases while Y increases 
for small positive w. 

2. The end of the curve (w = -++o0o) is always located at infinity 
(from (28.3)). with vertical or horizontal tangent (from (28.4)) de- 
pending on the degree n of the polynomial, as shown in Fig. 135. 

3. The total number of points of intersection with the coordinate 
axes, i.e. the points Y = 0 and the points X = 0 may not exceed n, 
including the initial point w = 0, in accordance with the maximum 
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possible number of positive roots of the expressions Y(w) = 0 and 
X(w) =0 (28.3). 

4. The total number of points with vertical and horizontal tangents 
i.e. the points @X/dw = 0 and the points dY/dw = 0 may not ex- 
ceed n, including the points œ =0 and w= +00, in accordance 
with the maximum possible number of positive roots of the ex- 
pressions given for @X/dw and dY/dw (28.4). 





5. From properties 3 and 4 it follows that the Mikhailov curve 
with 0 <œ < +20 may pass through not more than n quadrants 
about the origin of coordinate. 

6. If the curve passes through n quadrants in succession, then, 
in accordance with property 4, it has a monotonic spiral shape. 

On the basis of this first formulation of Mikhailov’s criterion, 
(28.2) may be expressed otherwise. 

For stability of an nth-order linear system it is necessary and 
sufficient that the Mikhailov curve plotted for the characteristic 
equation of the given system pass through n quadrants in succession 
counterclockwise, circling the origin of coordinates (Fig. 136). 


y ty 
=F I=} 
2 G 
7 x 
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It cannot pass through more than n quadrants. Therefore in- 
stability of the system is reflected here by the Mikhailov curve 
completely avoiding some quadrant, i.e. violating the sequence of 
passing through them (Fig. 137). 

Second formulation of Mikhailov’s stability criterion. The sequence 
of passing the quadrants shows that the curve alternately intersects 
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the cordinate axes. Consequently, the coordinates X(w) and Y(w) 
of the Mikhailov curve alternately vanish for a stable system. 
From this follows the second formulation of Mikhailov’s stability 
criterion. 
For stability of the linear nth-order system it is necessary and 
sufficient that all roots of the two equations (28.3) taken separately. 


X(w)=0, Y(o)=0 (28.5) 


be real and alternating with each other or, in other words that the 
curves X(w) and Y(w) defining the real and imaginary parts of 
the expression for the Mikhailov curve for 0 < œ < + oo intersect 
the axis of abscissae w a total of n times (including the point w = 0) 
and that these points of intersection alternate. 


(a) (b) 
nag Nw 
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In Fig. 138a is shown an example of this criterion being satisfied 
(stable system), while in Fig. 138b it is not satisfied (unstable system) 
for a fourth-order system. In Fig. 138c are shown curves of X(w) 
and Y(w) for an unstable fifth-order system with characteristic 
equation L(z) = 0, where L(z) is the polynomial (27.20) for which 
the Mikhailov curve has the form of Fig. 133. 

Limit of stability. As was seen in Section 7, the limit of stability 
in the root plane is the imaginary axis tw, as the boundary between 
roots with negative and positive parts. Passage of the system to the 
region of instability is connected with passage of the roots through 
the purely imaginary values 2,. = +7 or through the origin z = 0 
(i.e. w = 0) or through infinity z = co(w = oo). 

The requirement of the presence of a purely imaginary root z = tw 
in the characteristic equation of the system L(z) = 0 is equivalent 
to equating to zero the expression for the Mikhailov curve L(iw) 
for the given system, i.e. 

L(iw) = 0. (28.6) 


Graphically this denotes passage of the Mikhailov curve L(iw) 
through the origin of coordinates. In Fig. 139 are shown four ex- 
amples of the passage of the Mikhailov curve through the origin 
of coordinates, where the graphs a and b correspond to incidence 
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on the origin of coordinates of a point of the curve with arbitrary 
value w = w (purely imaginary roots z = +iw), while for curves o 
and d the point with w = 0 (zero root z = 0). We shall discuss the 
infinite root at the end of this section. 





However, aside from this, from the definition of the limit of sta- 
bility of the system corresponding to purely imaginary roots or 
a zero root, it is necessary to verify that all remaining roots of the 
polynomial L(z) have negative real parts. Let us apply the well- 
known proposition that a small shift of the roots of a polynomial 
corresponds to small changes in the coefficients of this polynomial 
and, consequently, to a small deformation of the Mikhailov curve. 
If we carry out a small deformation of the curve about the origin 
of coordinates, as shown in broken line in Fig. 139, then in cases 
a and c the Mikhailov stability criterion is satisfied while in cases b 
and d not satisfied (regardless of the side to which we have deformed 
the curve about the origin of coordinates). 





This signifies that with small shifts of the roots stable systems 
are obtained in cases a and ¢ while in cases b and d unstable. From 
this it follows that in cases a and c all remaining roots of the poly- 
nomial L(z) except the purely imaginary Z, = +iw, or zero z = 0 
lie to the left of the imaginary axis in the root plane as shown in 
Fig. 140a and c. In cases b and d the presence of purely imaginary 
Toots 2,2 = +iw or a zero root z, = 0 does not correspond to the 
limit of stability since here two roots are found to the right of the 
imaginary axis (Fig. 140b and d). This is found on the basis formula 
(27.19) by simply. finding the angle of rotation of the vector L(iw) 


Stability Criteria for Ordinary Linear Systems 255 


as its tip traverses the entire Mikhailov curve (with the above small 
deformation at the origin of coordinates). 

The limit of stability of the system (corresponding to purely 
imaginary roots and zero root) is thus defined by passage of the 
Mikhailov curve through the origin of coordinates, when by a small 
deformation of the curve at the origin of coordinates it is possible 
to satisfy the Mikhailov stability criterion. 

We note that the value of the parameter œw = w, which corresponds 
to the point of the Mikhailov curve incident on the origin of coordi- 
nates (Fig. 139a) has the physical significance of the frequency of 
undamped self-oscillation of the system, when it is located on the 
boundary of stability. This follows from the fact that the charac- 
teristic equation of the system has a pair of purely imaginary roots 
+iw,, to which there corresponds a purely sinusoidal term of the 
solution a(t). 

Analytically the boundary of stability of the system in the Mikhai- 
lov criterion is represented by expression (28.6) or, if we separate 
the real and imaginary parts, then by equations 


X(o)=0, Y(w)=0, (28.7) 


where both of these equations should be satisfied simultaneously 
for a given value of w (we denote it as before by wœ). Expression 
(28.6) or (28.7) is the condition for the presence of a pair of purely 
imaginary roots z = +4, in the characteristic equation (in particular 
zero, if œ = 0). But, in addition, it is necessary to verify that here 
all remaining roots of the characteristic equation will have negative 
real parts. For this the polynomial obtained after division 


L(z) 


2 2)? 
2 + @o 


(28.8) 





should satisfy the stability criterion, since the factor (2”+ w) corre- 
sponds to purely imaginary roots (or to the zero root w, = 0), and 
the result of division (28.8) corresponds to all the remaining roots. 
Let us now consider the case of an infinite root. As was explained 
in Section 27, an infinite root (z = oo) corresponds to vanishing 
of the coefficient a, of the highest-order term of the characteristic 
equation 
Aye + 4,274... +0, 2 +4, =90. (28.9) 
This condition 
a =0 
as the limit of stability of the system, represents the boundary 


between the positive and negative values a, (where all remaining 
coefficients of the equation remain positive). In the expression 
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for the Mikhailov curve with change of sign of a, only the sign of 
the component a,(iw)" changes. If n is even, then this component 
enters into formulae (28.3) in the expression for X(w), but, if n is 
odd, then into the expression for Y(w). Consequently, change of 
the value of a, changes the value of one of the coordinates of the 
Mikhailov curve, namely that along which the end of the curve 
passes to infinity (Figs. 135 and 136). For example, in the case of 
a stable fourth-order system (n = 4) with reduction of a) the Mikhai- 
lov curve is deformed as shown in Fig. 141, where at the moment 
when the quantity a, changes sign from positive to negative the 


Ua 
(0h > lüo} 70 


(g4<0 
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end of the Mikhailov curve passes over to the opposite side and the 
system becomes unstable. This is an illustration of passage to the 
region of instability through the infinite root in the characteristic 
equation of the system. 

Below it will be seen that an infinite root plays a smaller role in 
determining the limits of stability than purely imaginary and zero 
roots. But we may return to the concept of infinite root in another 
question—in reduction of the order of the differential equation of 
the given system through neglecting some of its parameters having 
small values in comparison with the magnitudes of other similar 
parameters (this most frequently concerns small time constants). 
In essence, reduction of the order of the equation by unity is equiva- 
lent to vanishing of the coefficient of the highest-order term of the 
characteristic equation, which in turn is equivalent to passage of 
one root to infinity. 


29. Algebraic stability criteria 


As was explained in Section 27, for stability of a first or second- 
order linear system it was necessary and sufficient that all coef- 
ficients of the characteristic equation be positive. 

For a third and higher-order system it was demonstrated that 
positiveness of all coefficients of the characteristic equation ensures 
negativeness only of its real roots but does not ensure negativeness 
of the real parts of the complex roots. It was found that to ensure 
the last condition in the case of third and fourth-order systems it 
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was necessary to satisfy one additional relationship between the 
coefficients of the characteristic equation (aside from their positive- 
ness). In the case of fifth and higher order systems there will be 
two and more additional relations. 

Let us derive these additional relations individually for third, 
fourth, fifth and sixth-order systems, and then give a general formula- 
tion of the Hurwitz and Routh stability criteria for systems of any 
order. 

Vyshnegradskii’s stability criterion for a third-order system. The 
founder of the theory of automatic regulation I. A. Vyshnegradskii, 
in investigating a given third-order automatic regulation system 
in 1876 proposed a stability criterion having general value for arbi- 
trary dynamic systems described by ordinary third-order* linear 
differential equations. 

Let us derive this stability criterion from the proof in Section 28 
of the Mikhailov stability criterion. 

The characteristic equation of the third-order system will be: 


AZ + 0,27 + dye + dg = 0. (29.1) 


Let us assume that all coefficients of this equation are positive, 
which is, as proved in Section 27, a necessary condition for stability. 

From the general properties of the Mikhailov curve (Section 28) 
it is clear that for the third-degree polynomial 


D(z) = age? + a2? + a + dy 


with positive coefficients the Mikhailov curve may have only two 
types of positions relative to the origin of coordinates (Fig. 142). 
The expression of this curve will be: 


L(t@) = — aiu? — aw? + agiw + ag , 
Le. 

X (w) = a3—a,0, 

Y (a) = (4,.— @w*) w . 


The stability or instability of the system depends exclusively on 
whether the point A of the Mikhailov curve (Fig. 142) is to the 
left or to the right of the origin of coordinates. The abscissa of the 
point A is determined by equating the coordinate Y to zero. Then 
from the formulae written for the X- and Y-coordinates we obtain: 


Qa Qa — — 4% + aola 
to to My i 


* There is evidence that this was already done by him in 1871-1872. 


258 The Dynamics of Automatic Control Systems 


where for stability of the system X4 < 0 (Fig. 142). From this there 
follows the following formulation of Vyshnegradskii’s stability 
criterion. 

For stability of a third-order linear system it is necessary and 
sufficient: 

(1) that all coefficients of the characteristic equation be posi- 
tive, i.e. 





&>0,a>0,a>0 (with a> 0); (29.2) 
y 
(b) 
OJA we af 
fuz 
Fig. 142 


(2) that the product of the middle coefficients of the charac- 
teristic equation be greater than the product of the extreme coef- 
ficients, i.e. 

Aila > lolz - (29.3) 


The limit of stability from Section 28 is defined here by incidence 
at the origin of coordinates of either the point A or the point œw = 0 
(Fig. 142), which gives either 

Ay A, = Ay (29.4) 


(the presence of a pair of purely imaginary roots), or 
ad, = 0 (29.5) 


(the presence of a zero root) with all remaining coefficients positive, 
or, finally, 
a = 0 (29.6) 


(the presence of an infinite root). 

Vyshnegradskit’s hyperbola. The limit of stability (29.4) was 
represented graphically by Vyshnegradskii on the so-called para- 
metric plane in the following manner. 

Through division by a and introduction of the new variable 


8 
un y/e (a> 0, a> 0) (29.7) 
‘a 


equation (29.1) is reduced to the so-called normalised form: 


2+ Aw+Bu+ti=0, (29.8) 
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ay 








A= (29.9) 








Vaas V aas 
are termed Vyshnegradskii parameters. 


Applying condition (29.4) to equation (29.8), we obtain the limit 
of stability in the form 


AB=1 wth 4>0, B>0. (29.10) 


In the parametric plane A and B (Fig. 143) this equality is re- 
presented in the form of a hyperbola, termed the Vyshnegradskii 
hyperbola. The Vyshnegradskii stability criterion for equation 
(29.8) is written in the form 


A>0, B>0, AB>1. (29.11) 
8 
j —— 
pe 4) 
Fie. 143 


The region of stability therefore lies above and to the right of 
the hyperbola (29.10), which is proved in Fig. 143. The region between 
the hyperbola and the coordinate axis for which 


A>0,B>0, AB<0, 


as well as all quadrants of the plane except the first, do not satisfy 
the stability criterion (29.11). Consequently, to the left and below 
the hyperbola is the region of instability. 

Contradiction between static precision and dynamic stability. The 
differential equation of the third-order system has the form 


a + a, + det + age = f(t), (29.12) 


where œ is the increment to the regulated quantity while /,(¢), from 
Chapters V and VI, is expressed by the perturbation on the object 
j(t) and its derivatives. 
If, for example, 
falt) = bof (t) +b (t) + baf (t) , (29.13) 


then in the steady-state, where a certain constant value f = const = f° 
occurs, we obtain a static deviation of the regulated quantity (static 


18 
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error of the system) 


pil. (29.14) 
dy 
If 
f(t) = baf (t) +b: f(t) (29.15) 


(i.e. the incremental load f does not enter into the equation), then 
static error is absent from the above steady state: 


#®=0 with arbitrary ° = const. (29.16) 


The first case corresponds to static systems and the second to 
astatic. 

Starting only from the static calculation (29.14), at first glance 
it appears possible to obtain any degree of precision of regulation 
by simply increasing the coefficient a}. However, if the system is 
not checked for stability with increase of a, it is possible to obtain 
in general a system incapable of operating with divergent or poorly 
attenuating transients because of violation of condition (29.3) or 
because of appreciable approach to its boundary). 

This “contradiction” between the static precision and dynamic 
stability, observable in practice, was first resolved in 1876 by 
I. A. Vyshnegradskii, who indicated the technical solution of this 
“contradiction” by application of this stability criterion. 

On the other hand, consideration of the suitability of a system 
only from the stability criterion (29.3) may easily lead to a system 
which in practice does not fulfil the task of regulation due to a large 
static error (29.14). 

The Hurwitz stability criterion for a fourth-order system. A. Sto- 
dola, developing the ideas of I. A. Vyshnegradskii and encountering 
the necessity of investigating the stability of systems of higher 
than third order, put this problem to the mathematician Hurwitz. 
The latter developed an algebraic criterion of stability for ordinary 
linear systems or arbitrary order in 1893, evidently not knowing 
that this had already been done previously, although in a somewhat 
different form, by Routh. We shall give the general formulation 
of their criteria below, and shall consider one important case—a 
fourth-order system starting from Mikhailov’s criterion. 

The characteristic equation of the system has the form 


Ag + 4,28 + 92? + age ta, = 0. (29.17) 
For the polynomial 
Li(2) = ag + a, + dye” + ag + Oy 


with positive coefficients the Mikhailov curve, in accordance with 
its general properties (Section 28), may have various positions with 
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respect to the origin of coordinates, but in all cases the ‘stability 
(Fig. 144a) on instability (Fig. 144b) are here defined by whether 
the point A lies to the left or to the right of the origin of coordinates. 
For the given polynomial the expression for the Mikhailov curve 
will be: 
L(tw) = aywt— miw? — aw? + agi + dy , 
from which 


X(@) = wt aa +a, Y(w) = —ayo?+a,0. 
uy 
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For the point A (Fig. 144) we obtain according to these formulae 
from the condition Y, = 0: 
2 2 
— A;(4,4,—4, aa 
ae, apg egg a ar 
ay ay, a, ay, 
But since for stability of the system we require X4 <.0 (Fig. 144a), 
we arrive at the following formulation of the stability criterion. 
For the stability of a fourth-order linear system it is necessary 
and sufficient: 
(1) that all coefficients of the characteristic equation be posi- 
tive: i.e. 
a4 >0,a>0,4a4>0,a,>0 (with a> 0); 
(2) that the inequality 
Gs( 0,4, — lota) — 0,0; > 0 (29.18) 
be satisfied. 
The limit of stability is defined by incidence on the origin of 
coordinates of the point A or the point œw =0 of the Mikhailov 
curve, which corresponds either to the condition 


Gig( 04, — Ay) — 44a, = 0 (29.19) 


(the presence of a pair of purely imaginary roots) with all positive 
coefficients, or 
a,=0 
(the presence of a zero root) with satisfaction of the remaining sta- 
bility conditions, or, finally, 

& = 90 


(the presence of an infinite root). 
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The Hurwitz stability criterion for a fifth-order system. The char- 

acteristic equation will be: 
a + a,24 + aR? + 2,27 + a,2+4, = 0. 
From the Mikhailov criterion the system will be stable if the Mikhai- 
lov curve successively passes through five quadrants (Fig. 144e). 
This, in turn, as is evident from the general properties of the Mikhai- 
lov curve with positive coefficients (Section 28), is ensured by a cor- 
rect location of only two points A, and A, (Fig. 144c), i.e. by the 
conditions 
X4,<0, X4,>0, (29.20) 

which are necessary and sufficient. With their violation the Mikhailov 
curve will not pass through one or two of the five quadrants. 

The real and imaginary parts of the expression for the Mikhailov 
curve for a fifth-degree polynomial will be: 


X(w) = as — Au + a0 , 
Y(o) = (@4— Gg? + Ayo") w . 


Putting Y(w) = 0, we find the values of w? at the points A, an A,: 


_ at Va 4al, 
Wär 4 7 a 


Substituting this in the expression for X (w), after reducing similar 
terms, we find: 


Xa = -falam — ApAz) — 2Ap( A104 — lols) — (1a — aoty)V a2 — 4aya,} ’ 


4a 72 
La, = 5 (aa, — Aola) — 29( A104 — Apts) + (a10 — aota)V a = 4aya,} : 
0 


The difference here is only in the signs of the last terms. From this 
it is evident that the conditions (29.20) will be satisfied if, firstly, 
these last terms are positive, i.e. if 


4,0,— 0, > 0, 
and, secondly, if 
|@o(@yG@_— aos) — Zala, — AAs) | < (Aaz — apy) Az — 40g, - 
Squaring both sides of this inequality (which is valid, since they 
are both positive) and reducing similar terms, we obtain the result: 
(GQ, — A005)? — (Aaa — Goltz) (A344 — A205) <0. 


Thus, we come to the following formulation of the stability cri- 
terion. For stability of a fifth-order linear system it is necessary 
and sufficient: 
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(1) that all coefficients of the characteristic equation be positive, 
i.e. 
&>90,a,>0,...,¢,>0 (with a> 0); 


(2) that there be simultaneously satisfied two inequalities: 


Aila — Agla > 0 3 (29 21) 


(arda — aola) (Ayla — Q05) — (Aaa — Gos)? > 0. 
The limit of stability is defined either by the equality 
(a102 — Agaa) (A304 — Azas) — (A14 — AyQ5)? = 


(purely imaginary roots) with satisfaction of the remaining condi- 
tions, or a, = 0 (zero root), or a@ = 0 (infinite root). 
The Hurwitz stability criterion for a siath-order system. The 
characteristic equation has the form 
AÊ + 4,25 + age + age® + 4,22 -+4,2+4a,= 0. 


In accordance with the Mikhailov criterion and the general properties 
of the Mikhailov curve with positive coefficients, in the case n = 6 
(Fig. 144d) the stability conditions remain in the form (29.20). The 
real and imaginary parts of the expression for the Mikhailov curve 


are here: 
X(w) = Ag — QW? + awt — agw® , 


Y(w) = (€5— dgu? + aat) w . 
From the condition Y= 0 we find: 


a; + Va2— 40,0, 
@ As, 41, T We ge . 


Substitution of these values in the expression X(«) after reduction 
of similar terms gives: 


Xan = = {2aas + (a3 — 20,45) (0,0, — Alt) — yA ( 10y — A045) — 
— [aa( 0a — Mog) — 4,(414,— A85) | Va— 4a,4s , 

Xa = aa {2azaq + (a3 — 24,5) (üz — Gola) ~ 0, 49( 4144 — Mod's) + 
+ [dg(@,@,— a003) — Ay (4,04 — ao) ] V a3— 40,45} f 


For the first of these expressions to be negative and the second 
positive, from (29.20) it is necessary, firstly, that 


[@3(@,4_— Aggy) — (104 — M5) | > 0 
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and, secondly 


[2ajag + (43— 20,45) (4,4 — Ayy) — Aaa 4% — 245) ]| 
< [Gg(a,G_— Alz) — A, ( A, 44 — Ads) | a — 4a,ds5 . 


Squaring both sides of the last inequality and reducing similar terms, 
we come to the expression 


aiaa — (diaa — aola) [as( a403 — A45) + Ael 20,85 — a3)] = 
— (Ql — Gy) [04 Ogg — A5(A18,— Ay45)] < 0. 


We thus obtain the following formulation of the stability criterion. 
For stability of a sixth-order linear system it is necessary and 
sufficient: 
(1) that all coefficients of the characteristic equation be posi- 
tive, i.e. 
a >0,a,>0,...,%>0 (with a> 90); 


(2) that there be simultaneously satisfied two inequalities: 
3(@,4_— Ags) — 4,(4,44— A045) > 0, 
(ag — a003) [5( Ag — 4205) + ao( 20,45 — as) ]-+ (29.22) 
+ (dy, — aots) [01006 — 05(4,44— O95) —aa5 > 0. 


At the limit of stability the last of the inequalities becomes an 
equality (appearance of purely imaginary roots) with the remaining 
inequalities satisfied. The zero root is obtained with a, = 0 and the 
infinite root with a, = 0. 

General formulation of the Hurwitz criterion. Above we have 
derived expressions for the Hurwitz criterion for systems up to 
sixth-order inclusive on the basis of the Mikhailov criterion proved 
in the preceding sections. With further increase of order of the 
system the Hurwitz inequalities will become very complicated and 
their number will increase. Thus, for seventh and eighth-order 
systems not two but three additional inequalities will be required, 
since the Mikhailov curve will have not two (such as A, and A, 
in Fig. 144), but three points of intersection with the X-axis, where 
the quantity w4 from the condition Y = 0 will be defined not by 
a bi-quadratic but by a bi-cubic equation. 

To derive the algebraic stability conditions of a system of higher 
than sixth-order it is necessary to turn to the following general 
formulation of the Hurwitz criterion. 

For stability of an nth-order linear system it is necessary and 
sufficient that the n determinants composed of the coefficients 
Qos My...) An Of the characteristic equation of the given system 


Age" + aya" 1+4+....4 dn +a, = 0, 
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be positive, where these determinants are taken as the principle 
minors of the following square matrix: 


(29.23) 








Let us consider the rule of composition of the matrix (29.23). 
In the first row all the coefficients of the characteristic equation 
with odd indices are written, after which enough zeros are written 
80 that the row will have a total of n elements (where n is the degree 
of the characteristic equation). In the second row we write all the 
coefficients of the characteristic equation with even indices, beginning 
with a), in the same manner. 

The third and fourth rows constitute the first two rows, shifted 
to the right by one element. The fifth and sixth are the same rows, 
shifted by a further element to the right, etc. A total of n rows 
should be written in this manner. 

The first determinant, the positiveness of which is here required, 
will be: 





A,=a,>0, 
the second, 
sia 
0 2 
the third, 
a, ay as 
Ag =|% a &|/>0 
0 a a 


etc. These are termed the Hurwitz determinants. We note that the 
last determinant A, constitutes the entire matrix. If it is expanded 
in elements of the last column, it is immediately evident that 


An = an Ani . 


Consequently, the requirement of positiveness of the last, nth 
determinant always reduces to the requirement of positiveness of 
the constant term a, of the characteristic equation of the system. 

The limit of stability is defined either by the condition 


An- = 0 (29.24) 
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(the presence of a pair of purely imaginary roots) with satisfaction 
of the positiveness of all remaining determinants, or 


a,=0 


(the presence of a zero root) with satisfaction of all the remaining 
stability conditions, or, finally, a) = 0 (infinite root). 

It is easy to verify that the limits of stability (29.4) and (29.5) 
are particular cases of the expressions (A,-,=0 and @, =0 with 
n = 3, and the boundary of stability (29.19) with n = 4. 

The stability criteria for third, fourth, fifth and sixth-order 
systems, considered above, are also obtained from (29.23) with 
n = 3, n = 4, n = 56 and n = 6. Let us demonstrate this, for example, 
for a fourth-order system. Here the matrix (29.23) takes the form 


0 Gd de & 


Therefore the Hurwitz criterion is expressed in the form of the 
following four inequalities 








A, =a>0, 
A, = k iy = hl — hh > 0, 
h ha 0 
As =| do G2 4 |= g( Ag — o3) — qai >0, 
|0 a a 
A, = aå > 0. 
The last of them from the condition A, > 0 reduce to 


@>o0. 
But if a, > 0, for satisfaction of the preceding inequalities in the 
determinant ^, we should have at least 
4(4144— Aos) > 0, 
which may be written in the form aâ, > 0; but this from the condi- 


tion A, > 0 reduces to 
a>0. 


We therefore require in the determinant A,, taking into account 
the condition a > 0, at least 4,4, > 0, which in accordance with the 
first condition (4, > 0) reduces to 

Q >00. 


We have thus obtained the already known requirement of posi- 
tiveness of all coefficients of the characteristic equation. It is 
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further obvious that with a> 0 and a,> 0 the condition A> 0 
may be satisfied only if a,4,—4a.a@,;>0. Therefore the condition 
A, > 0 is superfluous, since it is automatically satisfied if we satisfy 
A, > 0, ie. (29.18), which was to be proved. 

The Routh stability criterion. For a high-order system, with 
parameters-given numerically, the following criterion of Routh for 
verifying the stability of the system may be convenient. 

The characteristic equation of an nth-degree system is given 
with numerical coefficients. We calculate according to the following 
scheme, containing (n +1) lines: 




















ay a, a as 
a, a, as ay 
10, — A a104 — Gols 04 — O50, Ay — Ogg 
b = b, = b, = ————_ | b = 
ay, a a a 
b,a, — a,b, bias — a,b, bia; — aba b,a, — a,b, 
1, = —__——| ¢ = —— | = ——_ || uy = ——_ 
bı b, b, b, 
ee Oy, — by Cy dix Cibs— bc, da= Oba — bCa F E 1b, — dy, 
ĉi Cy Cy Cy 





For the system to be stable it is necessary and sufficient that 
all numbers in the first column of the matrix (a, bı, ¢,d,...), 
be positive, if a, > 0. This corresponds to positiveness of the Hurwitz 
determinants. 

For example, the characteristic equation is given 


Zs + 224 + 228 + 4627+ 892+ 260 = 0. 


We write according to the above procedure (n-+1) lines: 
1; 2; 89; 


2; 46; 260; 
—1; — 1:95 (after division by 21); 
1; 6.18 (after division by 42.1); 
4-23; 
6-18. 


This system is unstable since the first elements are not positive in 
all rows. Instability of this system was also evident from the Mikhai- 
lov curve plotted for it in example 1 of Section 27. 
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30. Frequency stability criterion 


All the above presented stability criteria are applicable when 
the characteristic equation of the entire system is known, with 
coefficients expressed in a definite manner through the parameters 
of the circuits of the system. 

In practice there exist cases where for certain elements of the 
system it is difficult to construct sufficiently reliable differential 
equations, but it is easy to construct an operating model of an in- 
dividual circuit or simply to take it in finished form. In these cases 
we use experimental recording of the frequency characteristics and 
the frequency criterion, permitting determination of stability of 
a closed automatic system from the frequency characteristics of its 
circuits. 

In other words, the frequency method permits judging the be- 
haviour of a closed system in the transient state (stability) from 
the properties of its open network in steady-state forced sinusoidal 
oscillations (frequency characteristics). These may be determined 
experimentally for the individual elements. 

The frequency criterion of stability applied to amplifier theory 
is due to Nyquist (1932). In 1936 it was first introduced into the 
thecry of automatic regulation by A. V. Mikhailov, who proved 
mathematically and showed on concrete systems the applicability 
of this criterion to an arbitrary closed automatic system. 


Opening of the system. Eliminating external perturbations, we 
open the automatic regulation system in an arbitrary manner, but 
in such a way that at the point of opening of the closed system the 
interaction between the separated circuits is expressed by only 
a single variable. This variable breaks up into two: the input and 
output quantities of the open network (Fig. 145a). The open network 
itself may have a structure of arbitrary complexity. 

For example, the open network for an engine speed regulation 
system (Fig. 78) may be taken in the form shown in Fig. 145b. In 
this case the circuit was opened at the input to the regulator, where ọ 
in the closed system denoted the relative change of the regulated 
quantity (angular velocity, see Section 22). Now, in the open network, 
it has separated into two quantities: (1) gin, an arbitrarily given 
relative change of angular velocity at the input to the centrifugal 
mechanism, (2) Pout obtained at this angular velocity at the output 
of the regulated object (which in the closed system was measured 
by the centrifugal mechanism). 

For the open network we shall adopt the convention of not intro- 
ducing minus signs in the right-hand sides of the circuit equations, 
as was done for the closed system (see formulae (20.8), (22.58), 
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(25.8)). For the open network this constitutes only an insignificant 
change of polarity of connection or direction of reading variables 
(while in the closed system this was necessary in principle for satis- 
fying the regulation problem). 


(a) Tin Opens loop Tout 
circuit 





(c) 


4 48 4 
Pit Cento = [airerare PES 


Gout 











Cone 
trolled 
object 
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Thus, if the equation of the closed velocity regulation system 


has the form (22.58), the equations of the corresponding open network 
(Fig. 145b) will be: 


(Tsp+1)E=n, 
TaPPout =€. 


(Tip + Tep + ò)N = Fm, 
(30.1) 


Analogously, for a system for the automatic regulation of aircraft 
course (Fig. 125) the open network may be represented in the form 
shown in Fig. 145c. Its equations, in accordance with (25.26) and 
(25.8) will be: 


(Tp EDU p HIPER AB = bP ER Ms | ayo 
(Tip +1)(Lep +1) + kT:]pâpout = k(Tap +1)A8. l 
For a servomechanism (Fig. 128) the open network is shown in 


Fig. 145d, where y = am and a, = gout. Its equations, from (26.10), 
(26.11), (26.14) and (26.20), taking into account (26.8) will þe: 


(Tap +1)(Tap +1)Is = (ka + ks p)kokain , | 


30.3 
Tp +1) (Lep +1) + kiks]kopaout = kiksI . SR 
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The frequency characteristics for the open networks are con- 
structed in accordance with the discussions in Sections 20 and 21 
on the basis of either the differential equations (transfer functions) 
or the experimentally seconded frequency characteristics of certain 
elements and the equations (transfer functions) of the remaining. 

In accordance with Sections 20 and 21 the transfer function of 
the open network is written in the form 


= Elp) 
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where Q and R are operational polynomials having differing ex- 
pressions for different systems, where the degree of the polynomial R 
for all real systems is usually lower than the degree of the 
polynomial Q, but in rare cases the opposite may be encountered 
which we shall also take into consideration. 

The amplitude-phase frequency characteristic of the open network 
will be: 
R(iw) 
Q(t) © 

Possible forms of this curve for various networks are shown in 
Fig. 146. The curves a, b, c correspond to the case where the degree 
of E is lower than the degree of Q (therefore Wa- = 0) and the 
polynomials Q and R have positive constant terms, ie. R(0) #0 
and Q(0) 40. 


W (iw) = (30.5) 
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If the denominator Q (p) of the transfer function of an open network 
(30.4) has a zero root, ie. p may be factored out of the denominator 
Q(p) = pQ,(p), where Q,(p) has a positive constant term, the ampli- 
tude-phase characteristic of the open network will be: 

Rito) . Rta) 


ioio) Qio)’ 
and as w—>0 it passes to infinity in the direction of the negative 
imaginary axis (Fig. 146d). Similarly, with a double zero root in 
the denominator the transfer function of the open network, when 


Q(p) = pP°Q (p) and a triple zero root, when Q(p) = p*Q,(p), we 
have respectively: 


W (tw) = 





R(t) R(tw) 
oQ (io)? oQilio) 
which indicates the passing of the curve to infinity as w>0 towards 
the negative real axis (Fig. 146e) and the side of the positive imaginary 
axis (Fig. 146/) respectively. 
If Q(p) has a pair of purely imaginary roots p = +iw, i.e. if 


Q(p) = (P+ 00) QP) 5 


expression” (30.5) becomes infinite at p= iœ», changing sign 
(Fig. 1469). 

The case of equal degrees of polynomials R and Q is shown in 
Fig. 146h, and in Fig. 146i the case where the degree of R is higher 
than the degree of Q (curve 1, higher by unity, curve 2, higher by two). 

We note that the differential equation of the open network 
Q(p) fou = KR(p)*in corresponds to the characteristic equation of 
the open network 


W(iw) = — Wie) =i 


Q(z) =0, (30.6) 


while the characteristic equation of the closed system (27.3) has 
the form 


Q(z) +R(z) =0. (30.7) 


Consequently, their roots will be different, signifying that the dy- 
namic properties of the open network and closed system, consisting 
of the same elements, will be completely different. In particular, 
it is possible that a stable open network will correspond to an un- 
stable closed system while an unstable open network may become 
stable in the closed state. 

First formulation of the frequency stability criterion. We mark 
the point C on the real axis (Fig. 146) with the coordinates (— 1, #0) 
and plot from it the vector CW to an arbitrary point N of the ampli- 
tude-phase characteristic W(iw) of the open network. Then the 
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most general formulation of the frequency stability criterion will 
be as follows. 

For stability of a closed linear automatic system it is necessary 
and sufficient that with motion of the point N along the entire 
amplitude-phase characteristic of the corresponding open network 
(0 < & < +00) the vector CN rotates by the angle . 


Pen = (n—m+2m) =, (30.8) 


where n and n, are the degrees of the characteristic equations of 
the closed system (Q(z)-+2(z) = 0) and the open network (Q(z) = 0), 
m is the number of roots with positive real parts in the characteristic 
equation of the open network (in case the latter is unstable). The 
proof is given below. 

In calculating the angle of rotation of the vector CN and in employ- 
ing formula (30.8) it is necessary to traverse an are at infinity in 
those cases where Q(p) has zero and purely imaginary roots (broken 
line in Fig. 146, e, f, 9). 

The frequency stability criterion is not usually applied in such 
a general formulation but in a simpler one. In essence, the degree 
of the polynomial R(z) is usually lower in real systems than that 
of Q(z). Therefore the degrees of equations (30.6) and (30.7) are the 
same, ie. n = m. Then from (30.8) 


Gon = MT. (30.9) 


An open network is frequently stable or neutral (on the boundary 
of stability), i.e. m = 0 and 


gon =0. (30.10) 


Consequently, for cases where the degree of the polynomial Q(p) in 
the transfer function of the open network (30.4) is greater than (or 
at least equal to) the degree of the polynomial R(p) the frequency 
stability criterion is formulated as follows (and always used in practi- 
cal cases): 

If the open network is stable or neutral *, then for the correspond- 
ing closed system to be stable it is necessary and sufficient that 
the amplitude-phase frequency characteristic of the closed network 
not enclose the point C with the coordinates (—1, 70). All the curves 
in Fig. 146, for example, satisfy this criterion except the curves ¢, t, 
relating to other cases (m 40 and n, +n). 


* In other words, if there are no roots with positive real parts in the charac- 
teristic equation of the open network (Q(z) = 0), but there may be zero or 
purely imaginary roots. 
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If the open network is unstable, then for stability of the corre- 
sponding closed system it is necessary and sufficient that the ampli- 
tude-phase frequency characteristic of the open network encircle 
the point C with the coordinates (—1, 70) by the angle mr (counter- 
clockwise), where m is the number of roots with positive real parts 
in the characteristic equation of the open network (Q(z) = 0); see,. 
for example, the curve in Fig. 146c, where m = 2. 

Consequently, for correct application of the frequency criterion 
it is necessary to know whether the open network is stable or unstable 
and to know the number m. For single-loop systems this is immedi- 
ately evident from the circuit equations. In other cases it is first 
necessary either to determine the roots of the polynomial Q(z) or 


(b) a (c) |v 
4 u 4 > Y 
i 
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(d) «wv 





to plot the Mikhailov curve Q(iw) which, from Section 17, shows. 
the number of roots with positive real part, if present. When,. 
for certain elements, the amplitude-phase characteristic is recorded 
experimentally, the stability of these is evident from the experiment. 
But a preliminary investigation of the stability of the remaining 
parts of the open network is necessary. 

When the conditions stated in the formulation of the frequency 
criterion are not satisfied, the closed system will be unstable. 

The limit of stability for the closed system corresponds to the 
case where the amplitude-phase characteristic of the corresponding 
open network passes through the point C with coordinates (—1. 70) 
with the condition that the stability criterion will be satisfied by 
a small deformation of the curve close to the point C (Fig. 147). 
Thus, if the degree of R is smaller (or equal to) the degree of Q and 
the open network is stable or neutral, the limit of stability of the 
closed system is defined by the amplitude-phase characteristic of 
the open network passing through the point C without encircling it. 

This circumstance may be given the following physical inter- 
pretation. Let us denote the negative of w corresponding to the 
point C of the amplitude-phase characteristic by we. At this point 
we have A = 1, B = —x (Fig. 147a). Consequently, at the frequency 
of the input oscillation w = we the forced oscillations at the output 
of the open network have the same amplitude as at the input but 
with a phase shift of — xv. If such a system is closed (with reversed. 
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polarity, according to the condition), the output oscillation agrees 
exactly with the input and there is no obstacle to continuation of 
the oscillation at frequency w = œs in the closed system in the 
form of an undamped free oscillation with constant amplitude. 
The possibility of this taking place indicates, as is well known (Sec- 
tion 7), that the closed system is at the boundary of stability. 

This stability boundary corresponds to the presence of a pair 
of purely imaginary roots +i, in the characteristic equation. 
The second boundary of stability, corresponding to a zero root 
in the characteristic equation is found simply by the fact that either 
(0) = Q(0) = 0 or R(0) = —Q (0), where in the first case the stability 
criterion must be observed for the transfer function R,(p)/Q,(p), 
obtained after dividing by the common factor p. 

Finally one limitation on the use of the frequency stability criterion 
should be noted, concerning a completely special, rarely possible 
case, namely: the frequency stability criterion formulated above 
is valid under the condition that the polynomials Q(p) and R(p) 
do not have common roots with non-negative real part, ie. do not 
have common factors corresponding to such roots. 

This limitation is explained in the following manner. Let us assume 
that Q(p) and R(p) have the form, for example, 


Q(p) =Q (p)(1— Tıp), ' 
R(p) = R,(p)(1—T,p) . 


Then the amplitude-phase characteristic of the open network will be: 


(30.11) 


R(iw) _ R,(to) 
Q(ta) Q(t) ’ 
since the factor (1— Tıp) is cancelled. 


The same characteristic will obviously occur for another open 
network, in which 


W (to) = 





Q(p) =A (Pp) , 1 
R(p) = Rp). 


The open network (30.11) corresponds to the closed system with 
characteristic equation 


(30.12) 


(Q(z) + R,(2)](1— T,z) = 0, (30.13) 
and the open network (30.12) to the closed system 
Q(z) + Ry(z) = 0. (30.14) 


Let” the second closed system be stable. Then the first closed 
system in accordance with (30.13) will be unstable since its charac- 
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teristic equation has a positive root 


pence 
Lo Ti . 

But since the amplitude-phase characteristic of the open network 
for this first system is the same as for the second system, the frequency 
stability criterion gives for both systems one and the same result, 
namely: “stable system”, which is invalid for the first system. 

This indicates that the frequency stability criterion in calculating 
the stability of a system according to the equations (or, what is 
the same, from the transfer functions of the circuits) may be more 
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complicated than the Mikhailov criterion and more laborious. There- 
fore its application is preferable in those cases where for some of 
the elements of the system the equations and transfer functions 
are unknown and experimentally recorded frequency characteristics 
are given, or when the plotting of the frequency characteristics is 
necessary in any case for a subsequent calculation of the forced 
oscillations of the system, or when it is desired to employ frequency 
methods for other special reasons. 

Proof of the first formulation of the frequency stability criterion. 
Let us consider the function 


W (io) = 1+ Wie) . (30.15) 


The function W (iw) constitutes the amplitude-phase characteristic 
of an open network (for example, Fig. 148a). The function ¥ (iw) 
will obviously be represented by the same curve, but shifted by 
unity to the right (for example, Fig. 148b). 

Substituting in formula (30.15) the expression W(iw) from (30.5), 
we obtain: 

; Q (liw) + R(iw) Léa) 
Ge) = Oa) Qa)’ 





(30.16) 


19 
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where the numerator represents the expression for the Mikhailov 
curve (28.1) of a closed system. It corresponds to the characteristic 
equation of the closed system @Q(z)+R(z)=0. The denominator 
of expression (30.16) corresponds to the characteristic equation of 
the open network Q(z) = 0. 

As already mentioned, the degrees of both characteristic equations 
are usually the same. But to prove the general formulation of the 
frequency criterion we shall assume that they are different and 
denote them respectively by n and m. 

The closed system should be stable. Starting from this, in ac- 
cordance with the Mikhailov criterion (28.2) we should require 
that the vector L(t) rotate by the angle 
=m with O0<w< +o. (30.17) 

If it is known that the open network is stable, then we have for 
it a rotation of the vector Q(tw) by the angle 


go=m5 with O<a< +o. (30.18) 


If it is given that the open network is unstable and its charac- 
teristic equation Q(z) = 0 has m roots with positive real part, then 
from (27.19) we obtain a rotation of the vector Q(iw) by the angle 


go = (m4 —2m) 5 with 0<w<-+o. (30.19) 


Let us now turn to the vector (iw) (Fig. 1485), representing the 
ratio of two complex numbers L(iw) and Q(iw) in accordance with 
(30.16). Since in the division of complex numbers their arguments 
are subtracted, with variation of w from 0 to + oo the vector ¥ (iw) 
should rotate by an angle equal to the difference of angles of rotation 
of the vectors L(iw) and Q(iw), i.e. 


Pr = PL— P. (30.20) 
In the general case, from (30.17) and (30.19) this will be: 


ey = (n—m +2m) aS (30.21) 


In particular cases we find: with ny =n 
oy = MZ, (30.22) 
and with n =n and m=0 
oy =—0. (30.23) 
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If we pass from the function ¥ (tw) (Fig. 1485) to the function 
W (iw) (Fig. 148a), then the entire curve is shifted by unity to the 
left and the role of the vector ¥ (iw) = 0,N, will be played by the 
vector CN, the origin of which lies at the point C with coordinates 
(—1,%0). Therefore the results of (30.21), (30.22), (30.23) relate 
without change to the vector CN. This proves the above general 
form of the frequency stability criterion (30.8) and its particular 
cases (30.9) and (30.10). 

On the application of inverse amplitude-phase characteristics. In 
the denominator of expression (30.5), the amplitude-phase charac- 
teristic of the open network W (iw), there is the polynomial Q(t), 
corresponding to the left-hand side of the equation of the open 
network Q(p) = 0. When Q(p) has a high degree, the expression 
W (iw) becomes very cumbersome after elimination of the imaginary 
part of the denominator. The polynomial R(iw) usually has a low 
degree. It is therefore easier analytically to construct not W (iw) 
but the inverse quantity 


M (io) 1 _ Gta). 


~ Wie) Rie)’ 
such an inverse amplitude-phase characteristic (Fig. 148¢) is used 
sometimes. Now the formulation of the stability criterion changes. 
As above it is easily proved that for stability of a closed system it 
is now required that vector CM with motion of the point M over 
the curve (0 < w < +00) rotate by the angle 


Pom = (m— y+ 2m) 5 j (30.24) 


where n is the degree of the characteristic equation of the. closed 
system (Q(z)+ R(z) = 0), na is the degree of the polynomial R(z) 
while m, is the number of its roots with positive real part. 

It has meaning to employ this way of simplifying the construction 
when it is desired to employ experimentally recorded frequency 
characteristics. Theoretically this represents a step towards using 
the Mikhailov criterion. For the maximum simplification (when 
calculating from the equations) the Mikhailov criterion should be 
used directly (Section 28), since the analytic plotting of the Mikhailov 
curve is simpler than plotting of the amplitude-phase characteristic 
including the inverse. 

Second formulation of the frequency stability criterion. The first 
formulation of the frequency stability criterion considered above 
may be restated with application to the logarithmic amplitude and 
phase frequency characteristics of the open network. The construc- 
tion of these characteristic was discussed in Section 20, where for 
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individual elements we may also employ experimentally given charac- 
teristics instead of the equations. 

Let us take only the simplest, most widespread case, where the 
open network is stable or neutral and the degree of R is less than 
the degree of Q. In this case, from the first formulation of the 
frequency criterion it follows that the real U-axis either should not 
at all intersect the curve to the left of the point C(—1, 70), as in 
Fig. 146a, d, e, g, h, or it should intersect an even number of times 
to the left of the point C (Fig. 146b, f). This signifies that with 
B = —r, B = — 37, p = —5z,... either A>1 should not occur or 
values A > 1 are admitted an even number of times with the cor- 
responding direction of variation of 8 at these points. From this 
we obtain the following formulation of the frequency criterion. 





= A 
AL 20log 


470\4<0 X 
‘ 





Fie. 149 


If the open network is stable or neutral and the degree of R is 
less than the degree of Q, then for the stability of the closed system 
it is necessary and sufficient that the number of real roots of each 
of the equations 6(w) = — r, B(w) = — 37, B(w) = —5z,... be even 
or in that interval of frequencies w for which the logarithmic 
amplitude characteristic A,(w) = 20logA (w) is positive, zero and 
at the given points the derivative d§/dw alternate sign. In other 
words, the curve («) should either intersect an even number of 
times with the lines 8 = — xr, B = — 3m, B = —5r,..., or not in- 
tersect them at all on those segments where the curve Aw) lies 
above the axis of abscissae, and the slope of the curve at these points 
of intersection should alternate in sign. Here, as is evident from 
Fig. 146f, the branch A = æ should be taken into consideration at 
w = 0, as shown in Fig. 1467 by broken line. 

In Fig. 149a and b are shown cases where this stability criterion 
is satisfied, i.e. the corresponding closed system will be stable. 
In Fig. 1490 the requirement of an even number of points p = —nx 
with A,;> 0 is not satisfied, while in Fig. 149d the requirement of 
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sign alternation of the slope of the tangent at two points B = —x 
with A,;> 0 is not satisfied. In both these cases the closed system 
will be unstable. For comparison with the first formulation of the 
frequency criterion in all cases the amplitude-phase characteristics 
of the open networks are shown in Fig. 149. 

In a similar manner it would be possible to restate the frequency 
stability criterion for cases where the open network is unstable or 
when the degree of R is greater than the degree of Q. 


31. Width of stability region and stability reserve 


Using the above stability criteria it is possible to solve two funda- 
mental problems: (1) to verify the stability of a system with given 
structure and given parameters, (2) to select the structure ofa system 
and numerical values of its parameters, starting from the requirement 
of, stability of the system. 

The conditions of system stability should be satisfied simul- 
taneously with the requirement of small static errors discussed 
previously. Ordinarily it is possible to satisfy the stability condi- 
tions and the condition of smallness of static error in a fairly wide 
range of numerical values of the system parameters. The width of 
this stability region depends to a large degree on the structure 
of the system,.on the presence of auxiliary feedback, on the introduc- 
tion of derivatives into the regulation function, ete. 

But all this is only the first step in calculating an automatic 
system. Further it will be necessary to judge the quality of the 
transient response and to take into account, if necessary, con- 
tinuously acting perturbations (transient, stationary and additional 
dynamic errors). 

To carry out these last stages of the calculation and to provide 
freedom to manipulate the values of the system parameters to 
satisfy various technical requirements, it is advantageous to have 
a wider stability region. 

Determination of the limits of the stability region was described 
in presenting each of the stability criteria. This question will be 
developed in the next chapter and examples presented for finding 
the boundaries and stability regions for concrete automatic systems. 
In Chapters IX and X the most advantageous location within these 
stability regions will be found, starting from various criteria for 
quality of the regulation process. 

Meanwhile we shall only mention that it is not possible to select 
the system parameters too close to the stability boundary. A certain 
stability reverse in the system is necessary for the following reasons: 

(1) in constructing the equations of the regulated objects and 
other elements of the automatic system certain (sometimes very 
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coarse) idealisations of the actual phenomena are adopted. Only 
the principle ones are taken, the corresponding fundamental laws 
of mechanics, heat engineering or electrical engineering are applied 
and a mass of secondary factors is omitted; 

(2) the approximation of the element equations is aggravated in 
their linearisation; 

(3) the system parameters entering into the coefficients of the 
equations (masses, moments of inertia, capacitances, resistances, 
gain factors, time constants), are defined with more or less ap- 
freciable errors; it is well known, for example, that the inac- 
curacy of knowing the acrodynamic coefficients of an aircraft 
on the basis of wind tunnel tests sometimes reaches 10 per 
cent; 

(4) if equations are not employed but experimentally taken 
characteristics, there is sometimes an unavoidable error both in 
the method of experiment itself and in the technique of carrying 
out and processing the results; 

(5) when an automatic system is calculated there is most frequently 
in view not the production of a single model but a larger or smaller 
series; in this series the parameters of the individual units cannot 
be exacily the same; there is always a random scatter of the para- 
meters for various units as a result of the technical tolerances on the 
manufacture of parts, etc.; 

(6) in the operation of each given model there can also occur 
certain variations of the parameters having a random character 
(deformations, instability, changes of temperature, etc.). 

This signifies that having determined the stability of the system 
we cannot be certain that the real system will correspond exactly 
to that point of the stability region which we have found by calcula- 
tion (even when recourse has been had to experiments). The first 
three reasons alone are enough to make it diverge substantially 
fiom the calculated position, not to speak of the scatter in a series 
of units and of the possible variation in the course of time of the 
operation of the system. Consequently, if the calculated state was 
too close to the limit of stability, the real system may become un- 
stable because of the above reasons. 

The stability reserve provides for this drift of the calculated 
parameters of the system from the values corresponding to the 
limit of stability, so as to provide safe operation of each real model 
of the given system at least in the region of stability (taking into 
account all the above causes of deviation of the actual system from 
the calculated). Of course, the stability reserve does not express 
anything about the quality of the regulation process, which requires 
further special investigation. 
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The form in which the stability reserve of the system is given 
depends on which stability criterion is employed. 

When using the first formulation of the Mikhailov criterion the 
stability reserve of the system is expressed in the requirement that 
the Mikhailov curve be distant from the origin of coordinates at all 
points by not less than a given quantity r, i.e. satisfying the stability 
criterion, the Mikhailov curve should also not pass within a forbidden 
circle of given radius r about the origin of coordinates (Fig. 150a) or 


[L(tw)|>r with O<w< +æ. 


1Y | weny 


(a) 
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In applying the second formulation of the Mikhailov criterion 
the necessary stability reserve of the system is expressed in that 
the curve X(w), satisfying the stability criterion, in addition not 
pass inside circles of given radius r about the points of intersection 
of the curve Y(w) with the w-axis (Fig. 150b). 

In using algebraic stability criteria, expressed in the form of 
inequalities, the stability reserve of the system will consist in these 
inequalities being sufficiently far from the corresponding equalities. 
For example, aside from the essential positiveness of all coefficients 
of the characteristic equation for a third-order system (Vyshne- 
gradskii’s criterion), we require: 


aila — olz > £, 


where e is a given positive quantity defining the stability reserve: 
for a fourth-order system (Hurwitz criterion): 


aa(a la — aola) — 4,4; > E. 
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In the general algebraic form the stability reserve is expressed in 
the analogous requirement either for the Hurwitz determinants 


A, > E, Ay > E; ..., Any > &) Oy > ©, 
or the elements of the first column in the Routh calculation scheme 
a,>6¢,b,>6€,¢,>¢e,d,>6,... 


With the first formulation of the frequency criterion the stability 
reserve of a closed system is expressed in the requirement that the 
amplitude-phase characteristic of the open network, satisfying the 
stability conditions, not pass inside a circle of given radius r about 
the point C with coordinates (—1, 70), as, for example, in Fig. 150c, i.e. 


|W(tw) +1] >r with O<w< +œ. 


Using the second formulation of the frequency criterion the stabil- 
ity reserve of a closed system is expressed in that for the open 
network with phase values 


—(x—y) <P <—(x+y) 


the logarithmic amplitude frequency characteristic must not pass 
inside given “forbidden” zones: 


20log(1—h) <A <20log(1+h), 


hatched in Fig. 150d. The positive numbers h and y are here termed 
respectively the stability reserves ofthe closed system with respect 
to amplitude and with respect to phase. 

Finally, if the stability region is plotted according to any of the 
stability criteria in the plane of any arbitrary parameters of the 
system (see Chapter VIII), then to ensure the necessary stability 
reserve of the system it is required that the point corresponding 
to the numerical values of the parameters of the given system be 
located inside the stability region not closer to the stability boundary 
than a given distance. For example, for a third-order system—inside 
the hatched region in Fig. 143 not closer than a given distance from 
the Vyshnegradskii hyperbola. 

In certain special cases in connection with the above causes for 
the difference of equations and parameters of actual systems from 
the calculated ones there may sometimes be value in separating the 
stability boundaries into ‘safe’? and “unsafe”, as is done in the 
books of N. N. Bautin (Reference 14) and A. I. Lur’e (Reference 20) 
using the nonlinear Liapunov theory. 


CHAPTER VIII 


CHOICE OF STRUCTURE AND PARAMETERS OF 
ORDINARY LINEAR AUTOMATIC REGULATION 
SYSTEMS FROM THE STABILITY CONDITION 


32. Use of the Vyshnegradskii stability criterion 


Let us consider examples of application of the Vyshnegradskii 
stability criterion to the study of stability of certain concrete auto- 
matic systems and to the choice of parameters in designing the 
systems, starting from the stability condition. 

Automatic pressure regulation system. The equation of this system 
(23.31) is of the fourth order. Neglecting the mass of the sensitive 
element (T, = 0), which in this case (Fig. 117) is really small, we 
obtain a third-order system and the third-degree characteristic 
equation for it in the form 


Lol, T + (ToT 8 + Tol, + BTT) + (Tad + TrkB + T.83)2+ 

+(83+1)=0. (32.1) 

We note that Ta, Te, Ta, © are positive numbers while B from 

(23.11) may in general be even negative. Therefore to satisfy the 

necessary stability condition positiveness of all coefficients—it is 
necessary that 

Talka > 0, Toul S4+ToT,.+6T,T,>0, | 

TtT BHT B> O0, 684+1>0. 


Equation (29.3) of the Vyshnegradskii stability criterion now 
takes the form 


(TaT S + ToT, + BTT) (Ta + ThB + 1.88) > LaTe T ABS +1) 


(32.2) 


or 
Ta > Th 1 
= = =]. 2.3 
+ +4) (ar, ta) > (+55) AN 
To estimate the static error of the system we employ formula 
(7.16), which in this case gives 


ne 


8 
Pa = Tras” ’ (32.4) 
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where ¢/° is caused, as is evident from (23.11), by change of the steady- 
state external conditions of operation of the system while py is the 
relative increment of the regulated pressure in the chamber (see 
formula (23.9)), constituting the static error (since ideally the pressure 
in the chamber should be a constant independent of external con- 
ditions). 

To reduce the static error of the system (32.4) it is necessary 
to reduce 8 (for given 8), but in such manner as not to disturb the 
stability condition (32.3). For convenience of calculation it is useful 





Fic. 151 


to plot the stability region in the parameter plane (8, 7,/7',), con- 
sidering that the quantities T,/T, and 8 are given (let B > 0). The 
equation of the stability boundary (29.4) from (32.3) will be 


Ta)? I) Te oy 
b (z) + (3-5) tae =, (32.5) 
where we put 
= Ta _ BT, 
Str ap? b LET (32.6) 


This stability boundary is represented by the curve in Fig. 151a. 
The other stability boundaries (29.5) and (29.6) will be 

ee 

These two boundaries are, respectively: a vertical straight line 
to the left of the axis of ordinates and a horizontal straight line 
coinciding with the axis of abscissae. 

To find on which side of these boundaries the stability region 
lies, an arbitrary point may be chosen, for example M (Fig. 151a), 
and, substituting its coordinates è and T./T, in both parts of in- 
equality (32.3), we examine if it is satisfied or not. If so, then the 
stability region lies on that side of the boundary where the point M 
has been chosen; if not, the opposite. The stability region for the 
present problem is hatched in Fig. 151a. 


and T, =0. 
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Thus, the regulator parameters 3, T, and T, are chosen, firstly, 
so that static error (32.4) does not exceed a given limit, which is 
ensured by a sufficiently small value of 5. The latter is defined by 
the stiffness of the spring c, and membrane c, according to formula 
(23.19). Secondly, in choosing the parameters it is necessary to 
ensure stability of the system according to the graph in Fig. 151a. 
The quantity Te depends on the damping factor in the sensitive 
element c, in accordance with formula (23.19) and the quantity T, 
on the properties of the pneumatic drive (23.27). 

Thus, these parameters may be chosen in designing the system, 
simultaneously considering the stability and the admissible static 
error (subsequently it will be necessary to consider the dynamic 
errors also). From Fig. 151a and from formula (32.4) it is evident 
that the static error of the system may be reduced without limit 
if we take 

Teo 1 

T,~ bp 
But this is possible only when the regulated object has a sufficiently 
large self-regulation coefficient B. With decrease of the latter the 
stability region shifts towards larger values of è (Fig. 151b) and the 
static error of the system increases (32.4). The graph of Fig. 1516 
may be considered as a plot of the stability region in three para- 
meters (8, 7./T., 8). 

In the limiting case 8 = 0 (neutral regulated object without 
self-regulation), when the stability boundary (32.5) takes the form 
(Fig. 151b) 





fe 
Ta Tag’ 
Ta 


we obtain the greatest static error. In addition, in distinction to 
objects with high self-regulation, now, to reduce the static error, 
it is inexpedient to increase T,/T;. 

If the regulated object is unstable (B <0), where we assume 


IB] < T > (B<9), (32.7) 


then from the equation for the stability boundary (32.5) we obtain 
the curve OA (Fig. 151c). However in this case it is necessary to 
consider alto satisfaction of condition (32.2) for the positiveness 
of the coefficients in the characteristic equation. The corresponding 
stability boundaries with the notation of (32.6) may be written in 
the form 
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where in accordance with condition (32.7) 8<0,a<0,b> 0. These 
four equalities give the straight lines 03, OF, OD and BC (Fig. 1510). 
From them the boundaries of the stability region are only the 
straight lines 03 and BC, which corresponds to (29.6) and (29.5). 
The latter (BC) substantially limits the possibility of reducing the 
static error (32.4). 

We shall now clarify the role of the additional feedback 7 (Fig. 117). 
If this feedback is removed (¢ = 0), there will be no static error 
(an astatic system is obtained) while the characteristic equation 
(with the previous condition T,= 0), in place of (32.1), takes the 
form 

Tafka + (Lal 5+ BT,T,)22+ BST 2+1=0. 


Therefore in place of (32.2) and (32.3) the stability condition will be: 
TaT,T,>0, Tal S8+07T,T,>0, 887,>0 
T T; 
(3+ 728) 98 > 1. 


From this it is evident that without additional feedback the 
given system may be made stable (with the necessary reserve) only 
if the regulated object has a sufficiently positive value of self-regula- 
tion 6. For a neutral (8 = 0) or unstable (8 < 0) object it cannot 
be made stable for any values of the parameters. Consequently, the 
feedback has a beneficial effect on the stability of the system. 

Servomechanism. If we consider that in the circuit shown in 
Fig. 128 the time constants of the electric drive circuits (motor- 
generator) are small (7,;<1 and T,<1), then in the first (and in 
practice sometimes sufficient) approximation it is possible to take 
T, = T, = 0. In this case the characteristic equation of the system, 
which in accordance with (26.22) is of fifth degree in the complete 
form, is a third-degree equation 


T T+ iT, + (kike) T212 + (1+ kiket kik')z+kk=0. 


Since all the coefficients are positive, according to the Vyshne- 
gradskii criterion (29.3) there is only one stability condition 


[T +(1+kike) Tel + kike + kik] > T, Tbk , 
or, dividing by 7,7.4,k and taking into account (26.23), 
1 , 1+ kike) [1+ kike 2) 
(a+ T, (=r ~ >1. (32.8) 


Here the beneficial effect of the introduction of derivative on the 
system stability is evident, since from (26.11) the derivative is here 
introduced with coefficient k and its introduction into condition 
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(32.8) increases the left-hand side of the inequality, i.e. facilitates 
satisfaction of this stability condition and broadens the region of 
stability of the system. 

The presence of the coefficient kę in condition (32.8) is also useful 
for stability; it arises because of the presence of the counter-emf 
of the motor, as is evident from formulae (26.16) and (26.17), which 
in the present case plays the role of an additional transient feedback 
(see circuit of Fig. 130). 

Increase of any of the time constants here in accordance with 
(32.8) has a negative influence on the stability, as has increase of 
the overall gain factor k (26.23). 

From the adverse influence of the time constant T, on the sta- 
bility of the system it is necessary to conclude that the electrical 
differentiation circuit shown in Figs. 128 and 129 is not completely 
successful. In fact, if we increase the coefficient ks useful for sta- 
bility, simultaneously, as is evident from (26.12), it will be necessary 
to increase the adverse time constant T,. Thus, from a simple appli- 
cation of the Vyshnegradskii criterion the important practical 
conclusion follows on the desirability of changing the diffferentiation 
device of Fig. 128. It should be designed so that the useful quantity ks 
may be increased while the adverse T, decreased in required limits. 
An example of such a differentiation device is, from (15.2), a tacho- 
generator in the circuit of Fig. 89c. 

Let us consider the static calculation. 

With a constant given angle « at the output of the system we 
have a static error (26.26) proportional to the load on the object, 
so that with zero load (f = 0) the system in this state will not give 
an error in the magnitude of the angle. 

In steady-state following with constant velocity, according to 
(26.27) and (26.28) the system has no error in the magnitude of the 
velocity but has a stationary dynamic angular error dependent not 
only on the load but on the velocity of following. 

In this example the contradiction between the precision and 
stability of the system is also clearly evident. Actually, increase 
of the coefficient 

1+ kike 

ee (32.9) 
is useful for stability, in accordance with (32.8), but is inadmissible 
because of increase of error (26.28). From this it is evident that 
with introduction of the derivative, ie. with introduction of kj, 
without disturbing stability (32.8) we may choose a sufficiently 
small coefficient (32.9) to obtain a small stationary dynamic error 
(26.28). 
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Consequently, the differentiating device in the given system is 
useful also because of the fact that although it does not influence 
the magnitude of static and stationary dynamic errors directly it 
permits applying measures for their reduction. 

Let us now pose the problem of choosing the parameters of the 
differentiating device k, and ks (defined by the quantities O, R,, Ra 
according to formulae (26.12)) from the stability and precision 
conditions simultaneously, under the assumption that all remaining 
parameters of the system are given. 





Fic. 152 


For this we plot the stability region in the parameter plane (kz, ks). 
The limit of stability from (32.8), taking into account the equality 
T, = ky (26.12), will be 





1 
ie (E+) (ki +b), (32.10) 
where 
an lthke  ņ_ L+iake 
ST ? O ilahe 


Graphically this is represented in the plane (kg, ks) in the form 
of a curve (Fig. 152). To decide on which side of the curve the stabi- 
lity region lies, it is sufficient to recall that increase of k}, and there- 
fore also k (26.23), weakens inequality (32.8). The stability region 
therefore lies to the left of the boundary of stability. It is shown 
hatched in Fig. 152. Since all parameters of the system and all coef- 
ficients of the equation are known to be positive, we shall not seek 
the other boundaries of stability ((29.5) and (29.6)) or investigate 
the other quadrants of the parameter plane. 

Thus, wishing to take the quantity k, sufficiently large on the 
basis of the condition of smallness of stationary error of the system 
(26.28), we shall always choose the values k and k in such manner 
that in the diagram of Fig. 152 the point M with coordinates (ka, ks) 
lies within the stability region. From the diagram it is evident that 
if ks is taken in the interval 0 < ks < kse, where ksr = (1+y/a0)’, 
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the system is stable for arbitrary ks. If ky > kso, then it is absolutely 
necessary to have a special choice of k; as shown in the diagram 
of Fig. 152. 

Voltage regulation system. Let us take the case where in the 
system considered in Section 24 we may consider T, <«T,. From 
(24.29) this signifies that the armature of the electromagnet has 
a negligible moment of inertia while the damping factor c+ jb? 
is sufficiently large. Then in the equation of motion of the armature 
(24.28) we may put T, = 0 as a result of which the characteristic 
equation of the system, in accordance with (24.39), is of third degree: 


TTT + (TT + TT) + (Ti+ Ta)z + (L+ kikzkaka) = 0 ’ (32.11) 


where, from (24.32) 
Ti = Ti+ Ty +h ko. (32.12) 


The necessary condition of stability—the positiveness of the coef- 
ficients—is satisfied. The second condition (29.3) of the Vyshne- 
gradskii stability criterion takes the form 


(7,T2+ T,7,)(T,+72) > T,T,Ta(1 + kikakaka) , 
from which 
kikakgkı < (z+ TE 
From this inequality and (32.12) we conclude that increase of 
the transient feedback coefficient in the sensitive element IT} (see 
formulae (24.30) and (24.17) and Fig. 121 and Fig. 123), i.e. increase 
of intensity of change of flux of the electromagnet ®, in dependence 
on the magnitude of change of the gap 8 (increase of the slope of 
the graph of Fig. 121b), is useful from the point of view of system 
stability since it increases the right-hand side of inequality (32.13). 
Increase of the remaining gain factors (transfer factors) k, (24,21), 
kg (24.29), k, (24.37) has a negative influence on the system stability, 
weakening inequality (32.13). However, we are interested in increasing 
these coefficients k,, k3, ką from the point of view of reducing the 
static error of the system (24.40). 
The feedback factor in the sensitive element TÌ has no effect on 
the static precision since, it has a coefficient p in equation (24.20) 
(i.e. because this feedback is transient). 


z +72)—1. (32.13) 


33. Employment of the Hurwitz stability criterion 


The use of the Hurwitz criterion and the procedure for selecting 
the system parameters from the stability condition remain here in 
general the same as for the Vyshnegradskii criterion, but with more 
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complicated calculations, the magnitude of which sharply increases 
with increase in the degree of the characteristic equation. For 
a fourth-order system, where the stability condition consists of 
a single inequality (29.18) in addition to positiveness of the coef- 
ficients, the entire method of plotting the stability region in the 
parameter plane remains completely the same as for a third-order 
system considered in Section 32. 

For fifth and sixth-order systcms, where there are two inequalities 
(29.21) and (29.22), the following features arise in the method of 
plotting the stability region. The boundary of stability is obtained 
by equating the left-hand side of the second of inequalities (29.21) 
or (29.22) to zero, under the condition that the first ot these in- 
equalities is satisfied and that all coefficients are positive. Therefore 
the curve plotted in the parameter plane from the second of the 
inequalities may have superfluous bianches on which the first in- 
equality is not satisfied. These superfluous branches must be elimi- 
nated by simple verification of satisfaction of the first inequality 
(this verification may be done merely for a single point on each 
branch of the curve). In addition, as before, it is necessary to mark 
the boundaries of stability a, = 0 and a, = 0. 

The same occurs also for systems of higher than sixth order, where 
the stability boundary has expression (29.24) as well a8 a, = 0 and 
a = 0, where the number of excess branches of the curve (29.24) 
in the parameter plane will increase with increase of the number of 
additional inequalities (positiveness of the Hurwitz determinants) 
which are to be satisfied. It is possible to proceed otherwise. 

Plotting all branches of the curve (29.24) and the lines a, = 0 
and a, = 0, it is necessary to find among them a region where the 
stability criterion is satisfied, which is verified by a single point 
inside each region. This test is most easily carried out by the Routh 
calculation scheme given in Section 29. 

The system aircraft—course autopilot. Let us take the simplified 
equations of the system, when the time constants of the magnetic 
amplifier 7, and drive T, are neglected, i.e. the autopilot is con- 
sidered ideal. This is admissible in practice only in a preliminary 
approximate analysis of the system. In the given case from the 
complete equation (25.29), putting T,= 7,=0, we obtain the 
simplified characteristic equation of the system in the form 


TiTi + (TT kp + Ti+ Tat kik; Ta)2? -+ 
HUT + Takot kaTa t 1+ kale + haley Te (33.1) 
+ [(kT3 +1) kp + kik; +kikyT]z+ kyky =0, 


where the abbreviated notation (25.27) is introduced. 
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All coefficients of the characteristic equation (33.1) are positive. 
Therefore there remains only to write the stability condition (29.18), 
which from (33.1) takes the form 

[(kaTa + 1)kp + kik; + kik, Ta] {(T,T kp +T, +Tı+ 
+ keyg T's) (Ti+ Ta) kpt kaTa +1 + kky + kk; T2)— 
a T,T{ (kT. +1) kjo + kik; + kik Tal} x kikel TıTikp+ 
+ T+ Tat kik; Ta)? > 0. 


(33.2) 


By considering the coefficients of the characteristic equation (33.1) 
and the stability condition (33.2) it is evident how the stability of 
the system is influenced by the coefficients ky, k; and k;, appearing 
with introduction into the autopilot of sensitive elements measuring 
the angle of deviation of the aircraft axis from the course } and 
its first and second derivatives, and the coefficient kp characterising 
the feedback. 

If the autopilot has no feedback, i.e. 

kp=0, k0, k; #0, k; #0, (33.3) 
the stability condition (33.2) will be 
K(k; + hyT's) (Py + T+ kik; Ta) (kT + 1+ kky T kik; To) a 
= LT ky (ky + kyT2)J— kıky( Ti + T, + kik; Ta)? >0. (33.4) 


If in addition the autopilot lacks an element reacting to the second 
derivative of , i.e. 


l k0, k; #0, k;=0, kp=0, (33.5) 
the stability condition (33.2) takes the form 


(k; + kyTs)(( 214+ Ta) (kT +1) + kıT(k; — T:ky))— 
— kT +T, >0. (33.6) 


Further in the absence of an element reacting to the first derivative 
of the angle 4, i.e. with 


ky #90, ki =0, k-=0, kp = 9, (33.7) 
we find from (33.2): 
TA(T, + Ts) (kaTa +1)—T, Ti ky]—(T,+7,)2>0. (33.8) 


Finally, in the presence of feedback but in the absence of elements 
reacting to } and q, i.e. with 


kp #0, ky#O, ke=0, y=, (33.9) 
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the stability condition (33.2) will be 


[(kaTa + 1) ky + kyhky To] (LT, T kyo + Ti+ TJT + Ta) kp+ 
+kaTa+1]— T, TkT +1) kot kikyT:)}— 
— kky T: Tkp + T, +T, >0. (33.10) 


Let us first consider the stability of the system under condi- 
tion (33.7), when the autopilot has no feedback and reacts only to 
the angle ọ. In this case, as is evident from (33.8), the autopilot 
docs not in general contribute to the stable operation of the system 
since the parameter k, has only a negative influence on stability, 
weakening inequality (33.8). Consequently, in principle, the course 
autopilot based on (33.7) cannot in general be constructed. 

Therefore the simplest course autopilot which gives the possibility 
of favorably influencing the stability of the system is either an 
autopilot with introduction of the derivative of » without feedback 
or an autopilot with introduction of feedback without the derivatives 
of ». Frequently, however, when a sufficiently wide stability region 
is achieved and the quality of the regulation process remains insuf- 
ficient, in the second case there is sometimes introduced } and in 
the first ¢. 

Let us solve the problem of choice of coefficients k; and k, from 
the stability condition when constructing an autopilot according 
to (33.5). For this we plot the stability region in the plane of the 
two parameters k,, k;) considering all the remaining parameters 
(Tis Ta, ky, ko) a8 given. 

The stability boundary (29.19) is defined by substitution in formula 
(33.6) of an equality sign for the inequality sign. As a result we 
obtain the equation 


(k; + Taky) (a + Tik; — T, Toky) — by = 0 , (33.11) 
where. 


1 1 
a =g (Tit Talk Ta t1), b= Eth), 


and the other two boundaries of stability a, = 0 and a= 0 from 
(33.1) will be 

ky=0, 27,7,=0 (33.12) 
(the last of these is without significance since it does not include 
the autopilot parameters of present interest). 

The stability boundaries plotted according to equations (33.11) 
and (33.12) are shown in Fig. 153a. From the fact that increase 
of k; strengthens inequality (33.6), expressing the stability condition, 
we conclude that the stability region in Fig. 153a lies above the 
given curve. 
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The diagram obtained shows that with any value of ky the 
quantity k; must necessarily be present and have such a value that 
the point Jf with the coordinates (ky, k;) lies above the stability 
boundary in the diagram (Fig. 153a). In accordance with Section 25 
this system is astatic. 
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It is possible to consider the choice of parameters k, and km for 
an autopilot according to (33.9) in an analogous manncr, but here 
the choice of parameters must be compatible with obtaining the 
permissible static error (25.31). 

Let us also consider case (33.3). By comparison with the above 
case, for which the diagram of Fig. 153a is plotted, a new para- 
meter k; has been added. Consequently, three parameters are to 
be chosen: ky, k;, ky. In this case, as before, we shall plot the stabi- 
lity boundary in the plane of the two parameters (ky, ki) for various 
given values of ky. 

In accordance with (33.4) the equation of the boundary of stability 
will here have the same form as (33.11) but with coefficients de- 


pendent on k;, namely: 


(k; + Taky) (A + Ck; — T Tik) — Bk = 0, 
where : 


1 
A = F(T, + Ta) (kaTa +1) + (T, +kaT3 +270) hy + Takik, 
1 
1 
B= (Ti+ Ta +kik; T), C = (1+ kky) T3. 
1 


The corresponding stability boundaries in the form of curves 
k; = /(ky) for various given values of k; are represented in Fig. 1530. 
The region of stability in each individual case lies above the curve, 
as shown hatched in Fig. 153b. Introduction of the second derivative 
of p, as we see, broadens the region of stability. The given system 
is also astatic, the static error (25.31) appears in it with introduction 
of stiff feedback. 


System for automatic regulation of engine angular velocity. Let 
there be an object without self-regulation and a regulator with 
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stiff feedback (Fig. 74). Then the characteristic equation of the 
system from (22.60) will be: 
Tt 4 (Tet kokiks T4) 2 + (14 KahighgT'n)2*+ kakaksi + kikokska=0 (33.13) 


The positiveness of all coefficients of the equation is respected. 
There remains to satisfy the stability condition (29.18), namely: 


kall Lat kakake Ta) (1+ kakaks Ta) — Tikakaksl1— 
—kika( Ta + kakiksTi) > 0. (33.14) 


For choice of transfer factors k and k; (sensitive clement and 
stiff feedback) with all remaining parameters of the system given, 
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we plot the stability region in the plane kz, k;. The stability boun- 
darics (29.19) and a, = 0 in the present case, in accordance with 
(33.14) and (33.13), will be 

_ 14 Tikskakyt Tikskils 


k —— Ph (33.15 
: ki(Ta + Tikskaks)? ii ) 


ka= 0. (33.16) 


These stability boundaries are shown in Fig. 154a. The stability 
region lies betwcen them. As we sec, the feedback is obligatory to 
provide stability. From the point of view of system stabilty it is 
useful to increase the transfer factor of the feedback, but the transfer 
factor of the sensitive element k, cannot be strongly increased. How- 
ever with increase of k, and reduction of k, the static error of the 
system (22.61) is increased. Consequently, in choosing the system 
parameters it is necessary to consider these contradictions between 
the simultaneous requirements of static precision and stability. 

Analogously it is possible to investigate the stability of an auto- 
matic velocity regulation system with isodromic transient feedback 
(Fig. 78), when the system has no static error. In this case the previous 
feedback equation (22.53) is replaced by a new one (22.51). The 
structural diagram of the system in accordance with the equations 
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of Section 22 has the form shown in Fig. 154b. Therefore the differ- 
ential equation of the overall system from formulae (21.10), (20.11) 
and (20.10) is written in the form 


[Q(p) + RP) Ao = —S(p) f(t), (33.17) 
where 
Q(p) = (Tip + Tap +1) (Lsp +1 + kakiki) p? , 
R(p) = kikıksk (Tsp + 1), 
S(p) = (Tip -i Tap +1) (Tip +1 + kakiki) p . 
From this the characteristic equation of the system Q(z)+R(z) = 0 
will be: 


(33.18) 





p25 + 4,2 + a,25+ a2*#+ 4,2 +4, =—0, (33.19) 
where 
ay = T4T;; a, = (L+ kakiki) Tå + TaT; , 
a, = (1 + kikiki) Lo + T5, ty = 1 + kakiki . (33.20) 
a, = kikikakaTs , a, = kykkgh, . 





Aside from positiveness of the coefficients, which is satisfied, 
from the Hurwitz stability criterion we require here the satisfaction 
of two inequalities (29.21) in which it is necessary to substitute 
the values of the coefficients (33.20). Substituting in the second 
of inequalities (29.21) the inequality sign by an equality sign and 
adding the formulae a, = 0 and a, = 0, we obtain the boundaries 
of stability, where it will be necessary to omit the excess branches 
of the curve on which the first of inequalities (29.21) is not satisfied. 
In the result we will obtain the stability region in the plane of any 
two parameters, for example k, and ks. The stability region among 
the curves plotted is established finally by verifying the satisfaction 
of the stability criterion at any one point inside this region. 


34. Utilisation of the Mikhailov stability criterion 


The Mikhailov criterion differs from the Vyshnegradskii and 
Hurwitz criteria from the point of view of plotting the stability region 
of the system in the following. In the Vyshnegradskii and Hurwitz 
criteria the stability boundary is expressed in explicit form as relation 
between the parameters of the system (compare Sections 32 and 33). 
In the Mikhailov criterion the stability boundary (28.6) or (28.7) is 
expressed through the auxiliary paramcter w, as a result of which 
the stability boundary equation will not be obtained in explicit 
form as before, but in parametric form in terms of w. In addition, 
it is important to note that here the choice of system structure is 
possible by combination and superposition of Mikhailov curves 
taken for individual blocks and loops of the system. In the process 
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of construction it is possible to verify how the individual parameters 
of the system elements are to be changed for the Mikhailov curve 
to lie in the plane (X,7¥Y) in a more desirable manner about the 
origin of coordinates. 

Expressions (28.6) and (28.7) may be used to plot the stability 
boundaries in the plane of the system parameters directly (in para- 
metric form in terms of w), without plotting the Mikhailov curves. 
Here the parameter w, as already remarked in Section. 28, has the 
physical significance of the frequency of harmonic oscillation of the 


T 
Ea Ea: 
Fig. 155 


system at the boundary of stability. The stability boundaries corre- 
sponding to zero and infinite roots are obtained from (28.6) or (28.7) 
as singular lines with w = 0 and w = oo. 

Let us consider different methods of plotting the stability 
boundaries of the system employing the Mikhailov criterion. 

Choice of structure and system parameters from the Mikhailov 
curve. Most frequently in the overall network of an automatic system 
there are one or two elements where it is possible to vary the parameters 
over wide limits while it is undesirable or even impossible to change 
the parameters of the remaining elements. In these cases the system 
may be divided structurally into two blocks: I and II (Fig. 155), 
of which the first (Z) includes all the elements where the parameters 
may not be varied while the second (ZI) contains those for which 
it is possible to vary the parameters, i.e. to choose their values 
from the stability condition of the closed system. 

Let the equations of these blocks of the system be of arbitrary 
order, given in the form 


Q(p)21 = —Ri(p) #11, (34.1) 
Q11(p) 211 = Ry(p) xy (34.2) 


(the degrees of the polynomials Q and R are in general arbitrary, 
but frequently Rt; = kr, Rir = krr, where ky and krr are constants). 

Eliminating r;; and then substituting z for p, we obtain the charac- 
teristic equation of the closed system in the form 


01(2)Q11(2) + R72) Ry1(2) =0 


and the equation for the Mikhailov curve for the entire closed system 


in the form 
Llio) = Q1{to) Qr(tw) + Rio) Kyte) . (34.3) 
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Since the parameters of block I of the system are assumed in- 
variable, all the coefficients of the operational polynomials Q,(p) 
and R,(p) in equations (34.1) are also invariable. Therefore we may 
plot fully defined auxiliary Mikhailov curves Q;(iw) and F;(iw) 
(for example, Fig. 156a) individually for the left and right-hand 
sides of equation (34.1) for the first block of the system. 





Fig. 156 


Then, assigning various practically possible values for the required 
parameters, entering into the coefficients of equation (34.2), we 
obtain several alternative auxiliary Mikhailov curves Q;;(tw) and 
R(iw) (for example, Fig. 156b) for the second block of the system. 

If in equations (34.1) and (34.2) we have Rz = kz and Ry; = krr, 
then generally it is not necessary to plot the curves Rr and Rir. 

Further, for each alternative we find the Mikhailov curve (34.3) 
from the rule of multiplication and addition of complex numbers 
and we select the best of them. For the construction we mark on all 
curves (Fig. 156a and b) points with the same values of œ and take 
from the drawings the corresponding magnitudes of 1,, 91; 72; Pa» 
Ts) Pay Tay Pa- Then the vector OA (Fig. 156c) will correspond to the 
first component in formula (34.3) with 


a= We, W= tos, 
and to the second component the vector AB, where 
Pa =T, Pa = Pst. 


The point B obtained (Fig. 156c) is the point on the required 
Mikhailov curve of the closed system corresponding to the given 
value of œw. Carrying this out for other valucs of w, we obtain the 
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entire curve. In view of the simplicity of the gencral properties 
of the Mikhailov curve of any order (Section 28) it is sufficient to 
have only a few points to judge the position of the Mikhailov curve 
with respect to the origin of coordinates from the point of view of 
satisfying the stability criterion. 

The construction is substantially simplified in the cases where 
Ry = kr or Rir = krr. 

Let us analyse in this manner, for example, the effect of the 
derivative in the regulation function on the stability of the system. 


(a) 4 
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Let us assume, for example, that before introduction of the deri- 
vative the closed system described by the characteristic equation 


Q,(2) + kr =0 ’ 
was unstable. Let its Mikhailov curve 
Lirio) = Qio) + kr (34.4) 


have the form of rig. 157a. Similar phenomena may occur, for 
example, for the aircraft with course autopilot if in equation (25.29) 
we put kp =k; =k; =0. 

Opening the given system I, we introduce into it the new element II 
(Fig. 155) with introduction of derivative. Then for the blocks I 
and ZI of the new system we have the equations 


Op) a = — krr , 
ay = Ry(p)a7, 
Rry(p) = (krr +hirp)@ , (34.5) 


while the characteristic equation of the entire new closed system 
(Fig. 155) we be 


where 


Q1(2) + krRr(2) = 0. 
The new Mikhailov curve of the closed system will have the form 
L(iw) = Qi(to) +k Rita) , (34.6) 
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where according to (34.4) and (34.5) we have 


Qrliw) = Lrlio)— kr , | 


K 3 (34.7) 
Ry(io) = ky + kiiro . Í 


In Fig. 157b and c are shown the curves Q,(tw) and krRr(io) 
following from these equations. Here the curve Q,(iw) differs from 
the given Mikhailov curve L,(iw) (Fig. 157a) only by a shift to the 
left by the value kpr. 

The Mikhailov curve L(iw) for the new system, according to (34.6), 
is obtained by geometric addition of the vectors Qr and k,R;;, as 
shown in Fig. 158. Here it is quite clear what value should be taken 
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for the coefficients krr and Kyr of the additional element with intro- 
duction of derivative in order to obtain a stable system with the 
desired form of the Mikhailov curve L(iw). 

In designing automatic systems it is possible in a similar clear 
way to evaluate the effects of various types of elements and their 
parameters on the stability of the system as a whole. 

It is also possible to establish in a similar way the critoria for the 
means which may be used for making the system with a given 
structure stable. Certain of these special criteria were obtained by 
M. A. Aizerman using the Mikhailov curves for single-loop systems 
in the following form: 

(a) a single-loop system of “simple” elements, without unstable 
elements, should not have more than one integrating element; 

(b) the same system, but including a single unstable element, 
should not contain integrating elements; 

(c) the same system, containing m harmonically oscillatory ele- 
ments should have the degree of the characteristic equation greater 
than 4m. 

When these conditions are not satisfied the single-loop system is 
structurally unstable, i.e. it cannot be made stable by any choice 
of parameters. An example of such a system was given in Section 32— 
a neutral object and the rudder drive without feedback (violation 
of the first of the above conditions). 
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Plotting the stability region in a two-parameter plane. Let there 
be the characteristic equation of a system 


QZ” + aZ +... 4 an- +n = 0 (34.8) 


and it is required to plot the stability region of the system in the 
plane of any two of its parameters « and ß (transfer factors, time 
constants or other quantities). These parameters may in general 
enter in any manner into the coefficients of the characteristic 
equation (34.8). We shall construct for it the expression for the 
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Mikhailov curve F(iw) = X(w)+7Y(w). The parameters « and 6 
enter into the coefficients of the polynomials X (ù) and Y(w) (28.3). 
Considering all the remaining parameters of the system except « 
and B constant, we may represent the conditions for the stability 
boundary in the Mikhailov criterion (28.7) in the form 


X(a,B,o) =0, | 
Warsi =6 (34.9) 


and further, if possible, solve these two equations with respect to a 
and ß in the form 


a = a(w), | 
B = B(w). J 


After eliminating the variable œ it would be possible to obtain an 
equation B = f(«). This last operation, however, is not necessary 
in practice. 

If we now assign differing values of w in the interval 0 < w < +00, 
from equations (34.10) it is possible to construct a curve (or a series 
of curves) in the plane of parameters «, ßB (for example, Fig. 159). 
From the discussion accompanying formula (28.7) it follows that 
aside from curves bounding the stability region, for example BELA, 
equations (34.10) may give superfluous curves, lying outside the 
stability region (AK, CD). 


(34.10) 
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Aside from equations (34.10), defining the stability boundaries, 
corresponding to the purely imaginary roots of the characteristic 
equation, there should also be plotted the stability boundary corre- 
sponding to zero and infinite roots, for example EF and GH (Fig. 159). 
These boundaries are defined, as before, by the equations 


a=90 and a=0. (34.11) 


They may be found however in another, as singular lines obtained 
from equations (34.10) with w = 0 and w = oo. The use of equations 
(34.11) is frequently simpler. 

Ordinarily from the significance of the technical problem it is 
usually already evident which of the regions, into which the para- 
meter plane («,) is divided by curves (34.10) and lines (34.11), 
is presumably the stability region (as was frequently evident in the 
examples of Sections 32 and 33). For verification, taking an arbitrary 
point in this region, it is necessary to plot its Mikhailov curve «(iw) 
or apply the Routh criterion. If the stability criterion is satisfied 
at a single point, then the entire given region is the required sta- 
bility region. If not, it is necessary to apply this verification to some 
other region. 

If we plot the Mikhailov curves, taking one point in each of the 
regions of the parameter plane (Fig. 159), in accordance with 
Section 27 it may easily be determined from the shape of these curves 
how many roots of the characteristic equation of the given system 
have positive real parts in each region. But this is not necessary 
in solving the regulation problem, it is necessary only to find the 
stability region as indicated above. 

Thus, in distinction to algebraic criteria (Sections 32 and 33), 
using the Mikhailov criterion the equation of the stability bound- 
aries is obtained in parametric form (34.10) with the auxiliary para- 
meter w. The auxiliary parameter œw, as was mentioned in Section 28, 
has fully defined physical significance—it is the frequency of free 
harmonic oscillation of the system at the given point of the bound- 
ary of stability. 

This method of plotting the stability region from the Mikhailov 
criterion was given in general form and with practical applications 
by A. A. Sokolov in 1940 (Reference 9) and then considered in detail 
by Yu. I. Neimark in 1948 under the designation D-division (we 
shall not use this term). It is also known that a similar procedure 
was applied previously by V. S. Vedrov. 

To standardise the procedure for finding the region which pre- 
sumably is the stability region (after plotting the curves (34.10) 
and (34.11)), Neimark introduced the following rule for hatching 
the curves. On each branch of the curve an arrow denotes the direc- 
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tion in which w increases along the curve and for one point of each 
branch the sign is found of the Jacobian determinant: 


|ax ax] 
aa? OB 

| Ree (34.12) 
da? op 


where the elements are the partial derivatives of the left-hand sides 
of equations (34.9). If the determinant (34.12) is positive, then the 
curve should be hatched to the left, traversing it in the direction 
of the arrow (for example, BA in Fig. 159). If it is negative, then 
to the right (for example, DC). The singular lines (a, = 0) or œ = 0 
and a = 0 or w = oo), for example the lines EF and GH (Tig. 159) 
are hatched in agreement with the direction of hatching the curves, 
as shown at the points A—@ and C—F. 

Having carried out this hatching, we defined the assumed stability 
region as that region towards which the most hatching is directed 
(in Fig. 159 that region is BKLH). Verification is then carried out, 
a8 mentioned above, by applying the Mikhailov stability criterion 
(or the Routh criterion) to a single arbitrary point in this region. 

To simplify the calculations according to formulae (34.9) or (34.10) 
auxiliary graphs may be plotted (auxiliary Mikhailov curves). 

Let us consider two examples. As the first example we shall take 
a single-loop automatic regulation system consisting of simple 
elements, described according to (20.12) by the equation 

Q(z) +k=0. (34.13) 

Let it be required to find the stability region in the two-parameter 
plane, one of which is the overall gain factor of the system k and 
the other the time constant T of one of the aperiodic elements enter- 
ing into the given system. 

Extracting the corresponding polynomial (Tz+1) from Q(z), we 
rewrite the characteristic equation (34.13) in the form 

(T2+1)P(z) +k =0, (34.14) 


where all the coefficients of the polynomial P(z) are given. 
The expression for the Mikhailov curve of the given system will be: 


L(iw) = (Tio +1)P(io) +h. (34.15) 


In expression P(iw) we separate the real and imaginary parts. 
Let this be P(iw) = P,(w)+%¢P,(w). Then the real and imaginary 
parts of the expression for the Mikhailov curve (34.15) take the form 


Xlo) = k—wTP,o)+P,(e) , 


(34.16) 
Y(o) = of P,(w) + Pw). 
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Equating this to zero in accordance with (34.9), we find the para- 
metric equation of the stability boundaries in the form 


_ Pilw) + Ps(a) 


ed Plo)? ~~ aP) 


(34.17) 


Now, taking various values of w(0 <œ < +œ) we may plot 
the curves (34.17) point by point in the parameter plane k and T 
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(Fig. 160). To hatch the curves we employ the sign of the determinant 
(34.12) which in the present case, in accordance with (34.16), takes 
the form 

j1 —wP,(w) 


E 10 —wP,(w) eee} 





In addition, to find the singular lines (a) == 0 or w =: co and an = 0 
or œ = 0) from (34.14) we obtain 


T=0 and k=-1, 


since P,(0) = 1 (the constant term of the polynomial P(z)), while 
P0) = 0 (includes the common factor w). These will be the equations 
of the two singular lines. One of them coincides with the k-axis 
while the other is parallel to the T-axis (Fig. 160). 

From the directions of hatching we find the stability region. For 
verification let us take any point of the positive T-axis, i.e. let us 
take k=0, t>0. Then the characteristic equation (34.14) takes 
the form 

(Tz+1)P(z) = 0 


and the system will be stable if all the roots of the polynomial P(z) 
have negative real parts. To verify the latter, it is sufficient to plot 
an auxiliary Mikhailov curve P(iw). If, for example, the polynomial 
P(z) is of fifth degree while the Mikhailov curve is as shown in Fig. 161, 


this proves that the stability region in Fig. 160 has been correctly 
found. 
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As a second example let us consider the system of aircraft with 
course autopilot for which the stability region was constructed in 
Section 33. Let the autopilot not have feedback (km = 0). The 
characteristic of the equation from (33.1) will be: 


T T+ (T, + Lat kik; Ta)? + (kaTa + 1+ kiky + kik; D2) 22+ 
+ (kik; +kikyTa)z-+kiky = 0. (34.18) 
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The real and imaginary parts of the Mikhailov curve expression 
will be: 
X(w) = kiky— (kT, +1 + kk; + kik; Ts) o+ T, Trt, 


34.19 
Y(o) == (kik; + kikyT2) o -- (T1 + Ts- bly T3) oè . ( ) 


Let us plot the stability region in the plane of the two para- 
meters ky and k; for various values of the third parameter ky. For 
this we equate expressions (34.19) to zero and solve them with 
respect to the parameters k, and k;. We obtain 


(kaTa + 1— kky) w+ (1+ kky) Te! | 
a a e a 
\ 


ae k(l + Tea’) 


p. = (Fr eT) o*t T, Tio" 
. k(l + Tio) 

These parametric equations of the stability boundaries in the aux- 
iliary parameter w are equivalent to the previous equation for 
the stability boundary. Assigning various values of w (0 <œ < 09) 
and calculating from formulae (34.20) the quantities kọ and k;, 
we obtain the representation in Fig. 153b of the stability boundaries 
for various values of the coefficient k;. Further, in all cases the 
stability boundary will also include the straight line kọ = 0 (axis 
of ordinates), which corresponds to the zero root and is defined by 
equating the constant term of the characteristic equation (34.18) 
to zero. 

Determination of stability region with respect to a single parameter. 
Let us denote by « a parameter of the system for which we desire 


(34.20) 
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to obtain the stability region. This parameter « enters into the 
coefficients of the characteristic equation, and thus into the coef- 
ficients of the expression for the Mikhailov curve L(iw). The ex- 
pression for the stability boundary according to the Mikhailov 
criterion (28.6), i.e. the expression L(t) = 0 is represented in the 


form 
P(ia)+aN (io) = 0, (34.21) 
from which 
a= —&lio), ahere G@(io) = vas (34.22) 





Let the polynomials P and N individually be divided into real and 
imaginary parts in the following manner: 


P(iw) = Pilo) + iP), | 


Fliw) = Fu) Li). | eae) 
Then from (34.22) we obtain 
G(iw) = Gla) +74,(a) , (34.24) 
where 
Ga) = PLO Nlod +P Ml) gc). Plo) Nilo) — Plo) No) 














Nilo) + Nio) Nilo) + Nio) 


The values of « corresponding to the stability boundary are defined 
as the real values satisfying equality (34.22), where among them 
there may also be superfluous values. Let us plot the curve G(iw) 
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in the complex plane according to equation (34.24) point by point 
taking individual values of w (from œ = 0 to w = +00). Examples. 
of such curves are shown in Fig. 162. The first case occurs when 
in (34.22) the degree of the numerator is higher than that of the 
denominator, the second case for the reverse while the third case 
when the degree of the numerator is higher than that of the denomi- 
nator but the variable œ may be factored out of the denominator. 

The hatching on the curve G(iw) is applied to the left-hand side 
in traversing the curve from œ = 0 to w = + oo. The stability region 
will be the segment of the real axis towards which is directed the 
majority of hatching. Within the region found in this way the satis- 
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faction of the stability criterion is checked at an arbitrary point, 
which serves to check the correctness of solution. 
Thus, in cases a and o in Fig. 162 the stability region will be 


<a < a (a, <0, a> 0), 
and in case b 
O<a< a, (a> 0), 


since from (34.22) the quantity « is a segment of the real axis taken 
with reversed sign. 

For verification let us take the point « = 0. Then the expression 
for the Mikhailov curve from (34.21) takes the form L(iw) = P(iw). 
Consequently, if the Mikhailov curve 


P(io) = P,(w)+1P,(w) 


in cases a and ¢ (Fig. 162) satisfies the stability conditions (for 
example, has the form of Fig. 161 for a fifth-degree polynomial), 
the stability region has been correctly found. In the case of b (Fig. 162) 
the point « = 0 lies on the boundary of the above-found stability 
region. Therefore its Mikhailov curve P(iw) should have (for example, 
for a polynomial of fifth degree) one of two forms, shown in Fig. 139 
(a or e). 

Since the curve P(iw) would be needed in any case to verify the 
solution, it is expedient to plot it at the start of the work, employing 
the graph of G(iw) as an auxiliary curve in the construction. It 
then becomes unnecessary to calculate the quantities G, and @G, 
mentioned above. 

In fact, let us plot from formulae (34.23) two Mikhailov curves: 
P(iw) and N (iw) (Fig. 163a and b). Then from (34.22) the modulus 
and argument of G (iw) is found from the rule of division of complex 
numbers, namely: 

=2, p=, (34.25) 
2 
as shown in Fig. 163c. In this way individual points of the required 
curve G(iw) are found for each value of w. These points are joined 
by a smooth curve. In this we obtain immediately both the graph 
of G(iw), defining the stability region, and the curve P(iw), necessary 
for verifying the stability condition in this region. 

Let us consider an example. For the velocity regulation system 

(Fig. 13) we take the following equations: 


(Tip +1) Aw =k, Az, 
(Tip + Tap +1)Ay = —k,do, 
Ag = kady . 
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The characteristic equation of this system will be 
(T2 +1)( Tee? + T +1) +h kek, = 0. (34.26) 


Let us find the stability region for the parameter T, characterising 
the damping in the sensitive element (Section 22). All remaining 
parameters of the system are given. 
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Solving equation (34.26) with respect to Tą, we obtain 


_ (Tiz +1) (Te? +1) + kikka 
(Tyz+1)z i 


Let us denote here the numerator by P(z) and the denominator 
by N(z). Substituting iw for z, we will have 


T, = (34.27) 


T, = —G(io) , 
where 





Fig. 164 


Separating the real and imaginary parts in numerator and de- 
nominator according to (34.27), we find 
P, = 1+ kik:ks— Tio, Py = T,o(1— Tro’), 
N, = —T,o’, N= 0. 
21 
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On the basis of these expressions we construct the auxiliary Mikhai- 
lov curves P(iw) and N(iw) point by point, assigning various posi- 
tive values (Fig. 164a and b). We then plot curve G(tw), employing 
formula (34.25). After hatching (Fig. 164e) we determine that the 
stability region corresponds to the segment of the real axis to the 
left of the curve G(iw). The point of intersection defines the critical 
value of T, with reversed sign, where the stability region will be 


Ts > (Ta)er[( Teer > 0]. 


The Mikhailov curve P(iw) (Fig. 164a) shows that actually with 
T, = 0 the system is unstable. 


35. Use of the frequency stability criterion 


The choice of structure and parameters of closed automatic systems 
from the stability condition using the frequency criterion may be 
carried out from the amplitude-phase characteristic of the open 
network and its individual blocks, as well as using logarithmic 
frequency characteristics. 

The advantage in employing the frequency criterion appears 
particularly when in place of the differential equations (or transfer 
functions) certain circuits or blocks of the system are given in terms 
of their frequency characteristics, derived, for example, experi- 
mentally. In calculating according to the differential equations 
(or, which is the same, according to the transfer functions), con- 
structed for all circuits of the system, it is convenient to employ 
also the methods described in Sections 32-34. 

Choice of structures and parameters of the system. Let us consider, 
as in Section 34, that the closed automatic system under investigation 
is divided into two blocks I and JJ (Fig. 155) such that block II 
contains that clement (or elements), for which it is necessary to 
select the parameters from the stability condition. Let block I 
include all the remaining elements, for which the parameters during 
the calculation will remain constant. 

Let us open the system at the output of block II (this can also 
be done at the input), as represented in Fig. 165a. Let us write 
the transfer functions for each of the blocks: 


w Ri{p) w Rr(p) 
= -e = -am 35.1 
uP) Qip) ’ up) Qulp)’ ( 9 ) 
and the expressions for the amplitude-phase characteristics: 
Filio =F)  Wyliu = 20H 5.2 
HO) = ioj Vuo) = Oita) ae 
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The first of these may be plotted (see, for example, the curve 
of Fig. 165b), since all parameters of block J and thus all coefficients 
of the polynomials Q; and Rz are given. If the transfer function Wy, 
(35.1) for the block I is not known, we shall assume that the ampli- 
tude-phase characteristic is given experimentally, for example, in 
the form of Fig. 165b. If, finally, block I consists of several elements 
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(as is most frequently the case), where for some blocks the expressions 
for the transfer functions are known (i.e. their equations), while 
for others we have experimentally recorded frequency characteristics, 
we shall assume that according to the rules of Section 20 or Section 21 
on the basis of the element characteristics we have obtained the 
overall amplitude-phase characteristic of block I, for example in 
the form of Fig. 165b. 

The characteristic W,;(tw) of block JI may be plotted or recorded 
experimentally in several alternatives (graphs in Fig. 165c), if various 
possible values are assigned to those parameters of block II which 
are required to be selected according to the stability condition. 

The amplitude-phase characteristic of the entire open-network 
will be 

W (iw) = Wyte) Wr(tw) . (35.3) 

Therefore, employing the simple rule of multiplication of charac- 
teristics described in Section 20, from the given characteristic W,(iw) 
and the different alternatives of W,;(iw) we obtain a corresponding 
number of alternatives of the overall amplitude-phase characteristic 
(graph in Fig. 165d), from which it will be evident which of the 
alternatives is the most suitable from the point of view of stability. 

We note that in this not only the parameters but the necessary 
structure of block IZ may be chosen, starting from the shapes of the 
given amplitude-phase characteristic W,(tw) of block I. In fact, 
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knowing the amplitude-phase characteristics of individual types of 
elements (Section 19), it is possible to get a clear picture of how 
the shape of the curve W,(iw) will change when the characteristics 
of each of the types of elements are joined to it. Consequently it 
is possible to determine which type of element block IZ of the system 
should contain in order that with a given curve W,(iw) the resultant 
curve W (iw) will have a desirable shape from the point of view of 
stability of the entire closed system. 

For example, from Section 19 it is known that introduction of 
the derivative in the right-hand side of the element equation deforms 
and rotates the amplitude-phase characteristics clockwise about the 
origin of coordinates. Therefore the introduction of such an element 


ensi- 
tive 
| ement 
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into block II is useful if the given curve Wz(iw) encloses the point 
(—1, 10) (Fig, 165b) or, without enclosing it, passes too near to it. 
Thus the given curve W,(iw) may be deformed into such a resultant 
curve W(iw) which does not enclose the point (—1, 70), if this corre- 
sponds to a stable closed automatic system according to the frequency 
criterion (see Section 30). 

For example, let there be an automatic regulation system with 
the block diagram shown in Fig. 166a. The amplitude-phase charac- 
teristic of the open network for it, according to (21.11), will take 
the expression 
W (fo) = Wylie) Walio) Mulia) ae , 
where k, is the gain factor of the ideal amplifier, W,(tw), W.(tw), 
W,(iw) are the amplitude-phase characteristics of the regulated 
object, sensitive element and drive with regulating organ respectively, 
while W,(iw) is the amplitude-phase characteristic of the transient 
feedback. 


(35.4) 
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If we eliminate the transient feedback from the system, then 
the amplitude-phase characteristic of the open network will be 


W'(iw) = Wilio) Walio) Walio) ka. 


Let us assume that the characteristic W'(iw) has the shape shown 
by the full line in Fig. 166b. It passes very close to the critical point 
(—1, 40), not providing the required stability reserve denoted in 
the form of a circle of given radius r. 

It is required to choose the transient feedback so that with its 
inclusion in the system the amplitude-phase characteristics is de- 
formed as shown in Fig. 166b by the broken line, i.e. will not in- 
tersect the “forbidden zone’’ (circle). 

This may be achieved, for example, by transient feedback in 
the form of an RC-network (Fig. 166c), for which we have 


oo ey RCio 
Wilio) = 1+ Ria’ 

Since the characteristic W,(iw) is close to zero at low values of w 
(Fig. 166d), it has practically no influence on the shape of the lower 
portion of the characteristic W” (Fig. 166b), but deforms in particular 
the necessary segment in the required direction. 

There exist a number of different procedures which permits the 
simplest calculations of this type in various simple and complex 
systems. 

We have considered the choice of structure and parameters of 
an automatic regulation system from the stability condition using 
the amplitude-phase characteristics, i.e. employing the first formu- 
lation of the frequency stability criterion. The calculation is simpli- 
fied in many cases by using the logarithmic frequency characteristics 
considered in Section 19 and 20, applying the second formulation 
of the frequency stability criterion (see Section 30). The general pro- 
cedure for solving the problem remains as before. 

Let the system, for example, be divided into two blocks I and II 
(Fig. 165a) where all parameters entering into block I are given, 
and it is required to choose the parameters of block ZZ. The amplitude 
and phase logarithmic frequency characteristics of the entire open 
network for the given system will be 


A = Aut Ani, RB =6r+8r, (35.5) 


where the characteristics A; and Br of block I are given, while the 
characteristics Ajzy and 6;; must be taken such that the overall 
characteristic A, and ß satisfy the stability criterion with a definite 
reserve. 
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Let us assume that the logarithmic characteristics of the first 
block Az and f,; are given in the form shown in Fig. 149c (i.e. block I 
taken separately is unstable). To make the closed system as a whole 
stable, it is necessary to add to the characteristics of Fig. 149¢ such 
characteristics Arr and Bzr that the point B be to the right of the 
point wint, 28 in Fig. 149a. For this purpose we take for the block IZ 
(Fig. 165a) an ideal element with introduction of derivative, the 
logarithmic frequency characteristics of which are shown in Fig. 100e 
and f. Adding the latter according to (35.5) to the characteristics 
of Fig. 149¢ we come to the required form of characteristics in 
Fig. 140a, since in addition both characteristics (A, and 8) are shifted 
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upwards. The parameters k and k’ of the added element may here 
be taken such that the resultant characteristics A, and ß satisfy the 
required stability reserve (see Section 31). 

Plotting the stability region in a plane of two parameters. Let it 
be required to plot the stability region in the plane of parameters a 
and ß entering into block IJ (which are to be chosen from the stability 
condition). We take some value of w. To it there correspond definite 
points of the amplitude-phase characteristics W; and Wy; (Fig. 167), 
and thus definite values of i, 91, %2, P2- 

The stability boundary of the closed system (Section 30) is defined 
by passage of the resultant curve W(t), which is found from formula 
(35.3), through the point (—1,70). In order that a point of the 
curve W with a given value of w be incident on the point (—1, 70), 
it is obviously necessary that in multiplying W; and W,, there be 
obtained the vector OC (Fig. 167). For this it is necessary in turn 
that 


Tifa = 1 3 Pit Pe =T. (35.6) 


Since the curve TW, is completely given (analytically or experi- 
mentally), while the required parameters « and B enter into Wrr, 
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on the basis of (35.6) we may calculate 


1 
» PST, (35.7) 


fa = — 
2 fi 


and from this (see Fig. 167b) 
Ua = Ta COS Pa , Va = 2 8iD Pg . (35.8) 


But in accordance with equations (35.2) and (35.3) we have a de- 
finite expression 
Rito) 
Qirltw) 


where the required parameters « and ß enter into the coefficients. 
Consequently, we know the expressions 


U: = U,{a, B, ©), Vz = Vila, B, w). (35.9) 


Substituting here the given w and the values of U, and V, found 
from (35.8), we calculate the parameters « and p. This gives one 
point of the stability boundary (Fig. 167c) where w is the frequency 
of possible free undamped oscillations of the system at the given 
point of the stability boundary. 

Carrying out similar calculations for various values of o, we 
obtain the entire stubility boundary. The location of the stability 
region is established by checking satisfuction of the stability cri- 
terion at any point M. 


Wiltw) = 





= U,(w)+1V,(o) , 


CHAPTER IX 


APPROXIMATE CRITERIA OF THE QUALITY OF 
TRANSIENT RESPONSE IN LINEAR SYSTEMS FROM 
THE ROOTS OF THE CHARACTERISTIC EQUATION 


36. Vyshnegradskii diagram. Aperiodicity and monotonicity of the transient 
response 


Above we have presented methods by which it is possible to find 
the static error of a system (and simpler forms of stationary dynamic 
errors) and to investigate the stability of the system. However the 
investigation of the system stability does not give any indication 
of the transient response except that it is damped. 

The quality of the transient response, some idea of which was 
given in Section 7 (rate of attenuation, its oscillatory or monotonic 
character, maximum deviations, frequency of oscillations, etc.), 
plays a very important role among the other qualitative aspects 
of operation of an automatic regulation system. 

The quality of the transient response with defined external condi- 
tions in linear systems is defined by the properties of the solution 
of the homogeneous differential equation of motion of the closed 
system a(t). It is defined by the values of the roots of the charac- 
teristic equation and the arbitrary constants. The values of the 
roots depend on the coefficients of the equation (i.e. on the structure 
and parameters of the system), while the arbitrary constants depend 
on the initial conditions, in which the character of the external 
force on the system should be reflected (see Section 6). The influence 
of the latter on the form of the transient response depends to a strong 
degree on the coefficients of the operational polynomial in the right- 
hand side of the differential equation of the closed system. 

Thus, for a given external force (step, impulse, sinusoidal variation, 
a force varying with constant velocity, etc.) the curve of the transient 
is defined, firstly, by the degree and the coefficients (or roots) of 
the characteristic equation of the closed system and, secondly, by 
the degree and coefficients (or roots) of the operational polynomial 
in the right-hand side of the differential equation of the closed 
system. 
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If we turn to the concept of system transfer function (see Section 8), 
where the denominator corresponds to the characteristic equation 
and the numerator is the operational polynomial of the right-hand 
aide of the differential equation, the above may also be expressed 
as follows. For a given external force the shape of the transient 
curve is defined by the locations of the roots of the denominator 
(which are termed the poles of the transfer function) and the roots 
of the numerator (termed zeros) of the transfer function of the 
closed system. 

In this chapter we shall consider only the influence of the roots 
of the characteristic equation (in other words, the denominator of 
the transfer function of the closed system) on the quality of the 
transient response and the choice of system parameters, starting 
from the desired locations of the roots. This is inadequate for a com- 
plete judgment of the quality of the transient responses in an 
automatic regulation system but it already gives very much. This 
is explained by the fact that the coefficients of the operational 
polynomial in the right-hand side (i.e. the zeros of the transfer 
function of the closed system) are defined by the same system para- 
meters as the coefficients of the characteristic equation. After 
evaluating the quality according to the roots of the characteristic 
equation it is necessary to plot the transient curves taking into 
account the right-hand side of the differential equation of the 
system. 

We note the following characteristic property. As already men- 
tioned, the characteristic equation, and thus its roots, will be the 
same regardless of which of the variables in the regulation system 
has been used for constructing the differential equation. Only the 
operational polynomials in the right-hand side of the equation will 
be different. This is caused by the essential difference of the shapes 
of the transient curves for various variables in a given system, 
i.e. with the same locations of the roots of the characteristic equation 
(see part V). This also illustrates that judgment of the quality of 
the transient response only from the roots of the characteristic 
equation is insufficient. 

Lhe concepts of oscillatory and monotonic transient responses. The 
simplest criterion of the shape of transient response is the determina- 
tion of whether it is oscillatory or not. 

A process is termed oscillatory when the deviation of the regulated 
quantity (from the new steady-state value) changes sign at least 
twice (Fig. 168a) during the period of damping of the transient 
(on damping time see Section 7). In an oscillatory process there 
must necessarily be overshoot, i.e. a deviation 2, of the regulated 
quantity on a side opposite to the initial deviation. 
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A transient response is termed monotonic when neither the magni- 
tude of deviation æ nor the derivative ż (i.e. rate of deviation), 
changes sign during the damping time of the transient (Fig. 168b). 

Intermediate forms of transicnt response are: without overshoot, 
when x does not change sign but ż does, and with overshoot when 2 
changes sign once (Fig. 168c). 
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In a number of closed automatic systems, most frequently in 
measurement and computation or in certain servomechanisms, or 
more rarely in regulation, it is desirable to have a rapidly attenuating 
oscillatory transient response since in this case the new steady-state 
value of the regulated quantity becomes clear immediately even 
during the oscillatory process and the mean dynamic error may 
be made very small. In other cases, mainly in the regulation of 
machines and automatic control of certain objects, it is desirable 
to have a monotonic transient response when the regulated object 
passes smoothly, without oscillation, to the new steady-state (to 
the new regime with changing load or with readjustment of the 
system). 

A knowledge of the roots of the characteristic equation (or certain 
of them) is very important for judging the quality of the transient 
response both directly and for applying other quality criteria described 
below. In general, it is not possible to obtain a complete picture 
only from the roots of the charactcristic equation in high-order 
systems, and this applics not only to the shape of transient curve 
but even as to whether it will be oscillatory or monotonic (if the 
initial conditions, calculated with respect to the external force, or 
the operational polynomial in the right-hand side of the equation 
of the closed system are not employed). 
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We shall illustrate this, in a case where it is assumed that in all 
further considerations the system is stable, i.e. all roots of the 
characteristic equation have negative real parts. 

In first and second-order systems the roots of the characteristic 
equation actually define the character of the transient response. 
In a first-order system it will always be monotonic: 


s = Oe (2,<0). 


In a second-order system the solution of the homogeneous equation 
has the form 
æ = Cie + Corat 


and will necessarily be oscillatory (Fig. 168a) for any initial con- 
ditions when the roots of the characteristic equation 2, and 2, are 
complex. If they are real, the response will be either monotonic or 
of an intermediate form (Fig. 168c), depending on the initial rate 
of deviation. 

In third-order systems the question is already more complicated. It 
was considered by Vyshnegradskii, who constructed a special diagram 
for this case. In analysing third and higher-order systems it is neces- 
sary to abandon the customary con-epis about the direct connection 
between an oscillatory response and the presence of complex roots 
in the characteristic cquation and bitween the monotonicity of 
a response and its roots being real. We shall now consider this 
question. 

Vyshnegradskii diagram. The characteristic equation of a third- 
order system 

A? +- 4,27 + a.2-+ dy = 0 (36.1) 


by the substitution (29.7) is brought to the form (29.8) with para- 
meters A and B (29.9). The stability region is plotted in the plane 
of these parameters (Fig. 143). Further, analysing the solution of 
the cubic equation (29.8), I. A. Vyshnegradskii found in 1876 (Refer- 
ence 2) that curves plotted in the stability region from the equations 


A2B?— 4(A3+ B*)+18A4B—27 =0, 


9 
24°-9AB+4+27=0 (for A<3), 26:2) 


demarcate the regions of differing positions of the roots I, II and 
III (Fig. 169). 

The first of equations (36.2) gives two curves CE and CF, sym- 
metrical with respect to the bisectors of the coordinate axes. The 
second of equations (36.2) gives the curve DC. In the region III 
of the Vyshnegradskii diagram (Fig. 169) al] three roots of the charac- 
teristic equation are real; in regions J and IJ a pair of roots is complex 
and one is real, with the complex roots being closer to the imaginary 
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axis than the real root in region I and the reverse in region IJ. This 
has a substantial influence on the shape of the transient curve. 
In Fig. 169 within each of the three regions are shown approximate 
curves of the transient x(t) and the pattern of root distribution 
2, 2a, 23 in the complex plane z (by crosses). In region IV the system 
is unstable (divergent oscillations). 





In Fig. 170 are shown the positions of the roots 2, 2, 2 of the 
characteristic equation (36.1) the boundaries CD, CH, CF between 
the regions I, II, III as well as at the point C. All these diagrams 


iw 





Fig. 170 


are easily obtained as the limiting oncs between the root position 
diagrams in Fig. 169. At point C with coordinates A = B=3 all 
three roots are equal, namely: 


Pees 
ay 


6.3 
A (36.3) 


Zi = Zy = Za = 


which follows directly from formulae (29.8) and (29.7). 
As established by I. A. Vyshnegradskii, the solution of the homo- 
geneous third-order equation having the form 


U Cet + Ce + C,€22 3 
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with initial conditions corresponding to a step change in the perturba- 
tion will be oscillatory only in region I while in regions II and III 
it will be monotonic. With other initial conditions an oscillatory 
transient response may be obtained even in the region where all 
roots are real (III). 

The Vyshnegradskii diagram may be used in practice to determine 
the character of root position in a third-order system. For this it 
is only necessary, having the characteristic equation (36.1), to calcu- 
late from formulae (29.9) the coefficients A and B and to find to 
which point on the Vyshnegradskii diagram this corresponds. Vice 
versa, it is possible to choose the parameters of the system so that 
such coefficients A and B will be obtained which correspond to 
a desired character of the root position (taking into account, of 
course, the requirement of static precision of regulation, as was 
done in the study of stability in Chapter VIII). 

On monotonic and aperiodic processes. Consideration of the 
Vyshnegradskii diagram shows that even in third-order systems 
the presence of complex roots of the characteristic equation of the 
system does not always imply oscillation; the transient response 
may be monotonic even in the presence of complex roots. At the 
same time, as is evident from the Vyshnegradskii diagram (Fig. 169), 
even for a third-order system a monotonic response in the presence 
of complex roots is in no way a special phenomenon corresponding 
to some narrow restrictions. The region of monotonic responses 
with complex roots (IZ) is no narrower than the region of oscillatory 
responses (I), and even as wide asthe entire region of real roots (III). 

In this connection it is necessary to recall the concept of an 
aperiodic response which always involves the condition that all 
roots of the characteristic equation shall be real. As is evident from 
the above, only for the second-order systems does aperiodicity 
correspond more or less to monotonicity and complex roots to oscilla- 
tion. In the third and higher-order systems the concept of 
aperiodicity is in no way connected with the monotonicity of the 
transient response and may have only an auxiliary significance. 
In essence, on the one hand, the region of monotonic response in 
the presence of complex roots is as wide as the entire aperiodic 
region. On the other hand, even in the aperiodic, regioni.e. with all 
roots real, the transient response may be oscillatory since the sum 
of several exponentials with differing arbitrary constants 


a = Oe + Oye! +... + One! 


may give a finite number of oscillations (similarly to the second- 
order system where with addition of two exponentials passage 
through zero is already obtained). 
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Aperiodicity conditions. Let us present the conditions of aperio- 
dicity, ie. the realness of all roots of the characteristic equation 
for their possible utilisaticn for auxiliary purposes. As shown by 
A. M. Kats, for all roots of the characteristic equation 


D(z) = ag” + a2" +... + an- + On = 0 (36.4) 
to be real, it is necessary and sufficient that the polynomial 


F(z) — D(a?) +2L'(z?) ra a?” + nae! + azn- 
+(n— i)a? ++... + an- Hana tan (36.5) 


satisfy the stability criteria. Here by L'(2) we denote the derivative 
aL (z)/dz, in which we then substitute 2? in place of z. 

The validity of this condition is proved by application of the 
second formulation of the Mikhailov stability criterion. In essence, 
substituting in (36.5) z = iw, we obtain 


F (io) = L(— ow?) + twL'(— ow?) . 


Therefore if the polynomial F(z) satisfies the stability condition, 
fiom the second formulation of the Mikhailov criterion (sce Section 28) 
the expressions L(— œ?) and wL'(— œ?) will have all real and alternating 
roots for the quantity —w*. The realness of all roots of L(— «?) 
for the quantity —w? is equivalent to realness of all roots of the 
polynomial L(z) for the quantity z, i.e. the characteristic equation 
(36.4). The negativeness of these real roots makes the coefficients 
of this equation positive. 

Thus, determination of the aperiodicity condition for the charac- 
teristic equation of the system (36.4) consists in applying to ex- 
pression (36.5) any of the stability criteria (Chapter VII). If it is 
necessary to plot the aperiodicity region in the plane of any two 
parameters of the system within the stability region (as in the Vyshne- 
gradskii diagram), it is possible to apply to the polynomial (36.5) 
any of the methods of plotting the stability boundaries described 
in Chapter VIII. Here it is possible to employ the Vyshnegradskii 
criterion (Section 32) (or use directly the Vyshnegradskii diagram), 
the Hurwitz criterion (Section 33), the Mikhailov criterion (Sec- 
tion 34), 

Certain conditions of monotonic transient response. As already 
discussed, aperiodicity, ice. realness of all roots of the characteristic 
equation, is not directly connected with monotonicity of the transient 
response in higher-order systems than the second. Certain conditions 
of mcnotonicity for a third-order system established by I. A. Vyshne- 
gradskii were given above. Following Z. Sh. Blokh, we mention 
here still other conditicns for monotonic transient response, arising 
also from the positions of the roots of the characteristic equation, 
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but taking into account the initial conditions (the initial condition 
should here be taken in the form reduced for a given external force 
according to Scction 6). 

Necessary (but not always sufficient) criteria for monotonic 
transient response of a system of arbitrary order n with initial con- 
ditions: t=0, r=a%>0, ¢=a,(% <0), co =o (k=2,3,..., 
n—1), are the following: 

(1) the roots of the characteristic equation (36.4) may be arbitrary 
(there may be any number of complex roots), but the closest root 2, 
to the imaginary axis should be real; the process can also be mono- 
tonic with a pair of complex roots Za, = a+iw located at the same 
distance from the imaginary axis as the closest real root to it z, 
ie. with «=%; 

(2) simultancously with this the arbitrary constant C, corres- 
ponding to the term of the solution C,e*4, where z, is the closest 
root (real) to the imaginary axis, should be positive if the initial 
deviations x is positive. 

In particular, with all roots real (i.e. the condition of aperiodicity) 
the response is always monotonic with the initial conditions: t = 0, 
a, > 0, rs? = 0 (k =1,2,...,n—1). But with these initial conditions, 
firstly, there exists simultaneously a still wider region of monotonic 
response in the presence of complex roots located not closer than 
the real root z, to the imaginary axis. Secondly, these particular 
initial conditions very rarely may correspond to actual transient 
responses. 

With the initial conditions: t = 0, a > 0, <0, 2p = 0 (k = 2,3, 
«ey n— 1), under aperiodic conditions the transient need not always 
be monotonic. For it to be monotonic in this case it is necessary 
and sufficient that 





To, (36.6) 


where z, is a real root closcst to the imaginary axis. But simultane- 
ously with this there again exists a still broader region of monotonic 
responses of complex roots for which (36.6) is the condition bounding 
from above the permissible absolute value of the initial velocity. 

With other more frequently encountered initial conditions the 
question becomes more complicated and the aperiodicity condition 
corresponds still less to monotonicity of the response. 

For a third-order system (36.1) with initial conditions: t= 0, 
> 0, žo < 0, Žo = 0, a monotonic response will exist with 





; lz, 
! ol ll — dy or 
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if all roots are real while z, is the closest of them to the imaginary 
axis and also with | 


Ag{ A, — all ) £o 


a Sols < il < Ee 


as + alz] (A, — LAA pS 





if there exists a pair of complex roots located not closer to the 
imaginary axis than the real root z,. 

In Section 44 will be given the monotonicity conditions derived 
from the transfer function of a closed system. 

In Section 37 we determine the roots nearest to the imaginary 
axis, which may be used for a rough estimate of the oscillatory or 
monotonic character of the transient response for certain particular 
forms of external forces. 


37. Degree of stability and its application 


The generally employed term “degree of stability” was introduced 
by Ya. Z. Tsypkin in 1945. However in fact an analogous concept 
was already employed earlier by I. N. Voznesenskii and G. N. Nikol’- 
skii (see Section 38). 

Concept of degree of stability. The degree of stability is the smallest, 
of the absolute values of the real parts of all roots of the charac- 
teristic equation of the system. Geometrically the degree of stability 


izy 
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is the distance h from the imaginary axis to the root of the charac- 
teristic equation of a stable system nearest to it (Fig. 171). When 
the nearest to the imaginary axis is a pair of complex roots (Fig. 171a) 
the degree of stability is termed oscillatory. When the nearest to 
the imaginary axis is a real root (Fig. 171b) h is termed the aperiodic 
degree of stability. 

We shall demonstrate that the magnitude of the degree of stabi- 
lity h may serve as an approximate estimate of the rate of attenua- 
tion of the transient (although not always reliable). 
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Let the roots of the characteristic equation of a linear system of 
arbitrary order, in accordance with Fig. 171a, be the following: 


4e2=—httio,, h>od, 
% =—68, B>h, (37.1) 

%5=—Ytio, Y>h, 
Then the equation of the transient response (i.e. the general 
solution of the homogeneous differential equation) will have the form 


a, = Oe sin (wt + Cy) + Cre + Cie“ sin (wot + C)+... (37.2) 


It is obvious that the rate of attenuation of each of the terms 
of the solution depends on the quantities kh, 8 and y respectively, 
while the absolute magnitude depends on the values of C;. The 
greatest of the values h, B, y corresponds to the most rapid attenu- 
ation. Therefore, if the difference in values y, 6 and h is substantial, 
while the difference in values of C; small, then after a certain period 
there remains practically only the first term of the solution, which 
defines the end of the transient process. Under these conditions, 
the greater the degree of stability h, the more rapidly the entire 
transient attenuates. 

However the magnitude of the degree of stability h frequently 
cannot serve for an estimate of the rate of attenuation of the transient. 
For example, if the arbitrary constant C, in expression (37.2) is 
substantially greater than the arbitrary constants C, and C, the 
quality of the transient response, including its rate of attenuation, 
will be principally determined by the third term corresponding to 
the more remote roots 2%, of the characteristic equation rather 
than the first term corresponding to the nearest root. Then the 
degree of stability h gives only an indication of the distance of the 
system from the boundary of stability from the point of view of the 
characteristic root distribution. 

This is particularly expressed when the root z or the roots 2.5 
are located close to the roots 2,,. (Fig. 171a) and when multiple roots 
appear. If, for example, the roots 2, in Fig. 171la are triple, the 
equation of the transient curve will be: 


ay = (C1 + Ost + Cyt?) e-Main (cyt + Cy) + Ce + Cge-tsin (cost + O,) +... 


The first factor containing ¢ and # reduces the rate of attenuation 
in comparison with that which would take place for a simple root 
with the same value of k. 

It is clear however that although in the above unfavorable cases 
the attenuation of the transient is not determined only by the 
quantity h, nevertheless with other conditions equal the attenuation 
will frequently be better where the degree of stability h is greater. 


22 
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In any case determination of the degree of stability gives more 
than the calculation of the stability of the system and the stability 
reserve (Section 31). But even the degree of stability does not yet 
give any concept of the magnitude of the deviation of the regulated 
‘quantity during the transient. 

Shifted equation. Common to all methods of determining the 
-degree of stability of the system is the preliminary derivation of 
the so-called shifted equation, which is obtained as follows. Let 
there exist an automatic regulation system for which the charac- 
teristic equation has been obtained in the form 


Og" + O21 4 + AnH Oy = 0. (37.3) 
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In the root plane z = «+i (Fig. 172) we shift the imaginary 
axis to the left by a certain distance à. We obtain a new plane ¢ = a, 
+itw,, where 

a = a+A , QO, =. 

Let us transform the given characteristic equation (37.3) to the 

new variable ¢. For this we put 


L(2) = Agen + Aye +... + An H An - (37.4) 

But z = C—A while the function Z(¢—A) may be expanded in series 
A 

L(t—2) =L(- +2 Ne D ap, (87.5) 





where primes denote the derivatives with respect to z of the function 
(37.4). In the present case this series contains a finite number 
of terms since the last non-zero derivative is L@(—A) = nla). All 
derivatives of higher order than n vanish. 

Since from (37.4) and (37.3) we have L(z) = L(G—A) = 0, equating 
the finite series (37.5) to zero, we obtain the following equation: 


a6" + Alt +... +A,i0+A,=0, (37.6) 


In-*(—}) 
(n—k)! 


where 


Ay = (b= 1, 2, 9%). (37.7) 
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This is the shifted equation, corresponding to the shifted root plane ý% 
(Fig. 172). 
For example, let the characteristic equation for a fourth-order 
system be 
AgH + 4,22 + a2? + a2+a,=0. 
To obtain the shifted equation we first find: 


L(z) = aot + a,23 + a2? + ay? + a, , 
T'(2) = 4a? + 34,22 + 24.2 + ag , 
T’'(2) = 12a? + 64,2 + 2a, , 
L'’'(2) = 24a,2 + 6a, . 
The coefficients of the shifted equation 
a+ A+ Ag+ AL +A, = 0 
from (37.7) and (37.8) will be: 


A, =a,—4a,, 

A, = @,—34,A+ 6a? , 

Ay = a,— 24,0 +30? — Aa , 
A, = @—4,A+4,¥—a,3+ a4. 

Thus in the general case the coefficients (37.7) of the shifted 
equation (37.6) are expressed through the coefficients of the initial 
characteristic equation (37.3) and, in addition, depend on the magni- 
tude of shift à of the imaginary axis. 

It is easy to see that if the magnitude of shift à (Fig. 172) is exactly 
equal to the degree of stability h, in Fig. 171a the roots 2, and z 
will lie on the shifted imaginary axis iw, while in the case of Fig. 171b 
the root z, will lie at the origin of coordinates 0, of the shifted plane &. 
In both cases all the remaining roots will have negative real parts, 
ie. will be located to the left of the shifted imaginary axis ta,. 

In other words, when the magnitude of shift à = h, the shifted 
equation corresponds to a system located at the boundary of stabi- 
lity. This is the basis for calculating the degree of stability h for any 
linear automatic regulation system. 

Degree of stability of third-order system. Let us consider calcula- 
tion of the degree of stability for a third-order system applying the 
Vyshnegradskii criterion. The characteristic equation (29.1) by 
substitution of (29.7) is reduced to the form (29.8) with coefficients A 
and B (29.9). 

The degree of stability in equation (29.8) will be different from 
that in equation (29.1) since the magnitudes of the degree of stability 
(being the real parts of the roots) are related by the same relationship 
(29.7) as the roots of the equation, namely: 


a 
ag : 
h = —h 37.10 
V2 o, (37.10) 


(37.8) 


(37.9) 
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where h and h, denote the degree of stability for equations (29.1) 
and (29.8) respectively. 

Since an equation of the form (29.8) is termed normalised, h, 
may be termed the normalised degree of stability and h the actual 
degree of stability of the system. 

To find hy, starting from equation (29. 8), we calculate the coef- 
ficients of the shifted equation 


B+ A+ At +A, = 0 (37.11) 
according to formula (37.7), which gives: 

A, = A-—3), 

A, = B—2A +3% , (37.12) 


å, =1— B+ AX— 


Employing equality (29.4) as the criterion of the presence of 
purely imaginary roots, we find that an oscillatory degree of stabi- 
lity will occur when the coefficients (37.12) with à = h, are all posi- 
tive and satisfy the condition A, = A,A., from which 


B= PRIE “ah +2h(A—2hp) . (37.13) 

An aperiodic degree of stability will occur in the presence in the 

shifted equation (37.11) of a zero root, i.e. when A, = 0, from which 
in accordance with (37.12) with à = họ we obtain 


B= > + Ahh. (37.14) 
0 


Following Ya. Z. Tsypkin and P. V. Bromberg, we construct the 
diagram of the normalised degree of stability for a third-order system, 
for which we plot in the Vyshnegradskii diagram (Fig. 169) curves 
of equal values of degree of stability hy. 

For h = 0 we find from (37.13) B = 1/4, which corresponds to 
a Vyshnegradskii hyperbola (limit of stability of the system). For 
ho = 0:1, ho = 0-2, hy =03, hy = 0-4, ho = 0-5 we obtain from 
formula (37.13) second-order curves in region I of the parameter 
plane (Fig. 173) and from (37.14) straight lines in regions ZZ and IIT. 
These curves and straight lines together form closed contours as 
shown in Fig. 173. With further increase of h,> 0-5 the contour 
progressively contracts, degenerating at họ = 1 to a single point C 
with coordinates A = B = 3. 

The diagram of the normalised degree of stability (Fig. 173) may 
be used in practice, firstly, to determine the magnitude of the degree 
of stability for any given third-order system and secondly, to choose 
the parameters of a third-order automatic regulation system for 
a desired magnitude of its degree of stability. 
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For the equation of a real system (29.1) it is necessary to find 
the Vyshnegradskii parameters A and B from formulae (29.9) and 
from them the point on the diagram (Fig. 173); from the location 
of this point on the diagram the normalised magnitude of h, is de- 
termined and then, from formula (37.10), the actual degree of stabi- 
lity of the system h. 

The greatest degree of stability occurs at the point C(h, = 1). 
But here all three roots of the characteristic equation are equal 


N 
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(see formula (36.3)). But this, as already mentioned, is not always 
favorable from the point of view of the rate of attenuation of the 
transient. Therefore in practice there is no sense in choosing the 
greatest degree of stability—but a point in its vicinity should be 
chosen (for example, within the contour h,= 0-5), considering 
simultaneously the other technical requirements on the system. 

Example. Let us take the automatic pressure regulation system 
(Section 23). Its characteristic equation has the form (32.1) if we neglect 
the mass of the sensitive element. From formulae (29.9) we calculate 
the Vyshnegradskii parameters: 


ToT. + ToT, +877. B= Tas + TrkB + TaB? 
VETTA +1) | V TaT TABS +1) 


These two relations may serve as the equations for determining 
any two parameters of the system if those remaining are given. In 
fact, on the basis of the diagram of Fig. 173 let us assign desired 
values of A and B, for example A = 2-5 and B = 2-5. Then from 
these formulae we may calculate the required values of è and Te 
for given 8, Ta, Ts, i.e. in other words, we may choose the corre-. 
sponding sensitive element of the system (see Section 23). 


A= 
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It is possible to proceed similarly with a servomechanism and 
a voltage regulation system or any other described by a third-order 
equation (such as for example those in Section 32). 

Graphical-analytic method for finding the degree of stability for 
a system of arbitrary order. A second method of calculating the 
degree of stability, proposed by N. N. Miasnikov in 1948 utilises 
the Mikhailov stability criterion. 

Let us plot straight lines parallel to the imaginary axis in the 
root plane (Fig. 174a and 174c) at certain distances M, 2,..., from 
the imaginary axis in the left-hand half-plane. We plot the Mikhailov 
curve L(iw) as described in Section 27 for the characteristic equation 
(37.3). Let this be the outer curve in Fig. 174b and 174d. 





Fig. 174 


Then from the shifted equation (37.6) with coefficients (37.7) we 
plot in exactly the same manner the Mikhailov curves for certain 
A = M; A = M (inner curves in Fig. 174b and 174d). It is then found 
that points with common values of w form curves (broken line) 
perpendicular to the Mikhailov curves at their points of intersection. 
Thus, in the complex plane L a network of curves is obtained which 
represents a conformal mapping of a network of straight lines in 
the root plane z. 

If we have a distribution of curves as in Fig. 1746 it is obvious 
that for a certain value à lying between A, and A, the Mikhailov 
curve passes through the origin of coordinates. This, as we know 
from Section 27, denotes the presence of a pair of purely imaginary 
roots in the shifted equation and, consequently, the presence of 
a pair of complex conjugate roots Z, in the initial equation. Then, 
since A = A, gives a Mikhailov curve corresponding to a stable system 
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while à = ^ an unstable system, its passage through the origin of 
coordinates for the given à < à< ^% will correspond to the limit 
of stability (for the shifted equation). Consequently, the given value 
of A(A,<A<A,) will actually be equal to the required degree of 
stability h, where the degree of stability is oscillatory. 

This value à = h may be found approximately by interpolation, 
thus: between the curves à and A, we plot approximately the curve 
corresponding to them cd through the origin of coordinates O 
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(Fig. 175), and similarly between the curves œ, and w, we mark 
the curve ab. Measuring the lengths of segments a0, ab, Od, cd, 
we obtain by linear interpolation 
a0 
h = M+M M) 
(37.15) 


O 
Wy = We + (@3— o) oa . 


Consequently, the closest to the imaginary axis in this case will 
be the roots 


21,2 = —h tio . (37.16) 


Here we have obtained immediately the complete value of the 
roots closest to the imaginary axis of the characteristic equation 
of the system and not only the degree of stability h. The quantity wy, 
will be the frequency of oscillation of the first component in the 
equation for the transient curve: 


æ = C,e-“sin(w t+ 0) +.. 


Similarly, if the distribution of curves is that shown in Fig. 174d, 
for some à = h located between à, and A, the origin of the Mikhailov 
curve (w = 0) is incident on the origin of coordinates 0. This signifies 
that here the shifted equation with à = h will have a zero root. 
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Verifying that this corresponds just to the boundary of stability 
for the shifted equation, by interpolation we then obtain: 


0 
h= at a= Oa) i (37.17) 


where aO and ab are segments shown in Fig. 174d. In this case we 
have an aperiodic degree of stability; the first term in the equation 
for the transient curve will be: 


æ = Ce"... 


Ordinarily the precision obtained by this approximate inter- 
polation is sufficient. When required, however, it is always easily 
possible to find the value of h (and œw) more exactly by plotting 
the Mikhailov curve for the shifted equation with à equal to the 
interpolated value of h just obtained. Because of the approximateness 
of interpolation this curve does not pass exactly through the origin 
of coordinates. A new network of curves is obtained similar to that 
in Fig. 174 form which by the same method a second interpolation 
may be carried out, improving the previously found k and œ but 
for practical calculations this is usually not required. 

Plotting loci of equal values of degree of stability. To choose the 
system parameters for a given degree of stability it is convenient 
to have a drawing in which inside the region of stability in the plane 
of any two parameters of the system the loci of equal values of 
degree of stability are plotted. For a third-order system this has 
already been done in Fig. 173 using the Vyshnegradskii stability 
criterion. 

For a system of higher order the loci of equal values of degree of 
stability are conveniently plotted in the parameter plane by con- 
struction of the boundaries of stability for the shifted equation (37.6) 
using the Mikhailov criterion (Section 34) or the Hurwitz criterion 
(Section 33). 

Example using the Hurwitz criterion. For an aircraft with course 
autopilot without feedback and without introduction of the second 
derivative, and neglecting the inertia of the autopilot, the charac- 
teristic equation from (33.1) will be: 

a2! + 4,22 +a + Aaaa, 
where 
a = T,Tz, a4,=17,4+T,, a =h,T,+1+h, kT, 
a, = kik; + kik T3, a, = kik, . 


The region of stability for this case was plotted in Fig. 153a. We 
now plot inside it the loci of equal values of degree of stability h. 
For this we write the shifted equation 


akt +A HARHAA =O, (37.19) 


| (37.18) 
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where from (37.9) and (37.18) we have: 

A, = T,+7,—4T7T,T.h ’ 

A, = kaTa +1 +kk;Ta—3(T,+ T.)h+62,T 9 

Ay = kik; + kik Ta—2(k:Ta + 1+kk; Ph +3 (Ty + T,)h?— 4T, Th ’ 

Ay= kk, — (kik; + kik, T2)h +(k-Ta + 1+kk. Ta) k — 

— (Ti+ Ta) k + TiTa h . 

We then apply to the shifted equation (37.19) the conditions for 

the stability boundary from the Hurwitz criterion (29.19), namely: 


A,(A,A,— må) — A,Aj = 0, (37.20) 


> 
n 
ae 


Liait of stability 
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which corresponds to an oscillatory degree of stability, and 
A,=0 (37.21) 
for an aperiodic degree of stability. 

Considering the variables k, and k į as coordinates of the para- 
meter plane (Fig. 176), from (37.20) and the preceding expressions 
we obtain: 

(bik; + bak, + ba) (bak; — bsk, + ba) + (brl; — bak — b) = 0, (37.22) 
where 

bı = k,(1— 27h) , ba = kT, , 

ba = —2(k;-Ta+1)h+3(Ti+ Ta) he — 4T, Th? 7 

by = (Ti+ 7,—47,T h)k,T,—k,T,TA1 +2T.h) 9 bs = k,T,T? ’ 

bs = (T+ 7,—47,Th)(k.T.+1-—3(7,+7,)h+67,Th7\+ 

+T T A2 (kT, +-1)—3(T,+ T,)h+ 47, TA], 
b, = hbs, ba = k (T, + Ta—4T,T:h)(1— Th) , 
by = (Ti+ Ta— 47, Th) h [kT +1— (T, + Ti) h+ T,T,h?) . 
From (37.21) we have: 
1 
ki =7 fte (37.23) 
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where 
n k:-T,—1— (Ti+ T) h+ 7,7 h? 


rA TA h. (37.24) 


Assigning various values of the degree of stability h, for each 
of them from equation (37.23) we obtain in the parameter plane 
(k,, 5) loci of equal values of the aperiodic degree of stability in 
the form of straight lines >, h, (Fig. 176). Similarly from equation 
(37.22) we plot the curved lines h,, ha equal to the values of the 
oscillatory degrees of stability. The broken line in Fig. 176 shows 
the curves obtained separating the region of aperiodic (to the left) 
and oscillatory (to the right) degrees of stability. 

Use of the Mikhailov criterion. Let the characteristic equation 
of the system (37.3) be known. Denoting the magnitude of the 
degree of stability h, we construct the shifted equation (37.6) with 
the coefficients (37.7), where it is necessary to put A = h. Substituting 
in the shifted equation € = iw, we obtain the expression 


L” lio) = alio) + Alio +...+ Apia +A, =0, (37.25) 


where the parameters « and ß, in the plane of which it is necessary 
to plot the loci of equal degrees of stability h, enter into the coef- 
ficients of this expression along with the magnitude of h. Separating 
in (37.25) the real and imaginary parts, we obtain two equations 
in the form 


Xa, B, o, h) = (37.26) 


Ya, B, œ h) =0 


(which corresponds to finding the boundary of stability (28.7) in 
the Mikhailov stability criterion). 
If possible, we solve equation (37.26) with respect to « and @ in 
the form 
a=a(w, h), | 
B = Blo, h). Í 


Taking a single fixed value of h = h, and various values of a, 
on the basis of (37.27) or (37.26) we plot point by point inside the 
stability region in the parameter plane («, B) loci of equal degrees 
of stability h (Fig. 177). Similarly we plot the lines h = ha, etc. 
Here the singular lines with w = 0 correspond to the aperiodic 
degree of stability, the remaining to oscillatory. 

Plotting the loci of equal values of degree of stability within 
the stability region by any of the above methods, it is possible to 
choose the parameters of the system, already taken into considera- 
tion with the magnitude of the degree of stability and its oscillatory 
or its aperiodic character (considering simultaneously, as always, 


(37.27) 
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the static error and other technical requirements placed on the 
system). 

On the choice of parameters for maximum stability. The choice 
of system parameters for maximum stability, as the simplest cri- 
terion of quality, has been considered by various authors. In par- 
ticular, if we consider all roots of the characteristic equation real 





and equal (the point of greatest value of normalised degree of stabi- 
lity), it will be possible to write in algebraic form a relationship 
for the choice of parameters for a system of any order (from V. A. Bod- 
ner (Reference 51)). In fact, with real and equal roots (2, = % =... 
= %,) the characteristic equation may be written in the form 


a(z—2,)"=0, 


the coefficients of which are therefore defined by the formulae 
a, (n az _ (N\ 2 an _ [n\n 
a= (i) oe = (p) Qo (al> 


where (i); (a) sees (o) are the binomial coefficients. Eliminating 2,, 


we obtain the relationships 


32, _[P\ 
ea (3) ti, (37.28) 


ey 


which may serve for choice of system parameters, since all coef- 
ficients here are expressed in a definite manner through the given 
parameters. The rigorously given conditions for optimum para- 
meters occuring here may sometimes lead to physically unrealisable 
choice of parameters. 
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38. Choice of system parameters from the distribution of several roots 
of the characteristic equation closest to the imaginary axis 


Let us consider certain methods for selecting the parameters of 
automatic regulation systems (and servomechanisms), starting from 
a desired distribution of several roots of the characteristic equation 
nearest to the imaginary axis. 

Nikol’skii’s method. In 1943 G. N. Nikol’skii proposed a method 
for choosing the structure and parameters of automatic regulation 
systems for a given degree of stability (“limiting number” in his 
terminology) and from assignment of several roots of the charac- 
teristic equation. 

For convenience of calculation the characteristic equation of the 
system 

a2" + a + an- H an = 0 (38.1) 


is written in the form 
dys” + (BI + Ba)” E (B2 8o) > +... 
w+ (Ba-1 +Bn-1)2 + (Ba +Bn) =0, (38.2) 


where the coefficients a@,, az, ..-, Gn are all divided into two com- 
ponents in such manner that the first components 8}, B, ..., Be 
do not contain the transfer factors (gain factors) of the regulator 
and its elements. Consequently, they contain only the parameters 
of the regulated object and, in addition, may contain the regulator 
time constants. or those of its individual elements (for an ideal re- 
gulator the components {},..., 3, contain only the parameters of 
the regulated object). 

The second components ĝi, B2; ..-» Bn, termed the additional coef- 
ficients of equation (38.2), contain the transfer factors k, (gain 
factors) of the regulator and its elements. A part of the components 
(first or second) may be zero. 

The general problem is posed of choosing the values of transfer 
factors k; of the regulator and determining which of them are ne- 
cessary to provide a given degree of stability and a desired distri- 
bution of roots (i.e. what kind of elements should or should not 
be introduced into the regulator), Put in this way all the coefficients 
Br, Be, --» Bein equation (38.2) are known numbers and all k;, enter- 
ing into the “additions” 8,, Bz, ...,8, are unknown coefficients. 

If the desired degree of stability 4 is given, then all roots of the 
characteristic equation of the system (38.1) should have the form 


m= — ty Za =— htr, ory Se —h4Sn, (38.3) 


where ©, Če; -+ n are arbitrary numbers with non-positive real 
parts. In other words, all roots z should be located to the left of 
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the imaginary axis shifted by the given quantity A= h (Fig. 172) 
or, at least, located on it. 
This signifies that the shifted equation (37.6) should satisfy the 
stability criterion or be located on the boundary of stability. 
Since the degree of stability h is the distance to the root nearest 
to the imaginary axis, in formulae (38.3) it is necessary to put either 


t= 0, (38.4) 
or 
Za = tio, (38.5) 


where w, is an arbitrary positive number (frequency of the first 
component in the equation for the transient curve). 

If the system is of higher order than fourth, it may be difficult 
to use condition (38.5); for these systems only condition (38.4) is 
taken. For third and fourth-order systems it is possible to use either 
of conditions (38.4) or (38.5). 

With condition (38.4) the characteristic equation (38.1) has a root 
z = —h, as a result of which we may write: 


Ao(— h)? + a,(— h) +... + n-1(—h) +a, =0. (38.6) 


In this equation everything is given including h, except the required 
transfer factors of the regulator entering into certain of the coef- 
ficients @,,...,@,. If we need to determine only a single transfer 
factor, it is immediately defined from equation (38.6). But it is still 
necessary to ensure negativeness of the real parts for all remaining ¢;,. 
For this, since (38.6) in accordance with (37.7) is equivalent to the 
condition A, = 0, it is necessary to verify whether the stability 
condition is observed for the shifted equation, the degree of which 
is lower by unity, i.e. the equation . 


ac + ATE ... +An-% + Ån- = 0 . (38.7) 


Verification of the stability conditions may be carried out in 
any way (by the Vyshnegradskii, Routh, Hurwitz or Mikhailov 
conditions). 

When the stability conditions are satisfied the assumed structure 
of the system is possible, and vice versa. When it is not possible it 
is necessary either to be satisfied with a lower degree of stability 
than required (if this is permissible) or, retaining the assigned degree 
of stability h, to abandon the simple case (selection of only a single 
transfer factor) and go over to the more complicated case considered 
below of choosing two or several transfer factors (in practice this 
may sometimes require, for example, complication of the system 
by the introduction of new elements). 
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For third and fourth-order systems, aside from the above, the 
following method of solving the problem from the choice of a single 
transfer factor of the regulator is also possible. Let us assume condi- 
tion (38.5). Then for the shifted equation (37.6), in which ìà = h, 
we have from (29.4) and (29.19) 


Ad: = MA, or A,(A,A,—@gA)—A,AI = 0, (38.8) 


respectively for the third and fourth-order systems. In equation 
(38.8) there is a single unknown transfer factor present, which is 
defined from it. In addition, it is required that all coefficients of the 
shifted equation be positive. 

If the form with choice of a single transfer factor is found im- 
possible, we pass to the choice of two transfer factors of the regu- 
lator. For this (in a system of arbitrary order) we put 


G=0, =O. (38.9) 


Then to condition (38.6) is added A,_, = 0, which, from (37.7) where 
A= h, will be: 

na —h)”'+(n—1)a(—h)" 7+... + ana = 0, (38.10) 
where h is given. 

From the system of two equations (38.6) and (38.10) two unknown 
transfer factors are determined. After their calculation it is necessary 
to verify satisfaction of the stability condition for the shifted 
equation, the degree of which is lower by two, namely: 


ae + Ae +... + Anal +An-e = 0. (38.11) 


It is possible to achieve the necessary degree of stability A not 
only by the number of new elements introduced into the system 
but by substitution of new elements for others. Therefore if in the 
given element the stability condition for equation (38.11) is not 
satisfied, other possible alternative structures of the system should 
be tested. 

Condition (38.9) signifies that the closest root to the imaginary 
axis is the double real root 2, = 2, = —h. When the order of the 
system is not higher than fifth, it is also possible to employ another 
method for choosing two transfer factors of the regulator, namely, 
in place of condition (38.9) to assume the following: 


(e =0 , Cos = tiwy . (38.12) 


Then to determine the two required transfer factors there will be 
two equations: the first, (38.6) and the second, one of (38.8) for 
systems of fourth and fifth order, respectively, where it is composed 
for expression (38.7). 
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If we do not succeed in constructing a system with two required 
transfer factors of the regulator for a given degree of stability, we 
introduce a third. With choice of three transfer factors of the reg- 
ulator it is possible, as above, to test the condition 


G =k =k =. 


But if the presence ot a triple root is undesirable, it is possible to 
apply either 


%£=0,G%=0,q%=—e (e>0), (38.13) 

or 
C= 0, Gs = tio, G=—e, (38.14) 

or 
či =0, Ce =0 ’ Cae = tio . (38.15) 


Condition (38.13) is convenient for systems of any order. To 
choose the three transfer factors of the regulator it is necessary 
to add to the two previous conditions (38.6) and (38.10), from (38.11), 
the following (e is preassigned): 


a(—e)" "+ A(—e)"'+...+An-e = 0, (38.16) 


where it is necessary to verify satisfaction of the stability condition 
for the equation obtained by dividing (38.11) by (¢+¢). 

Condition (38.14), analogously to (38.12), is applied for systems 
of not higher than fifth order. In this case the following three 
equations are used to determine the three transfer factors: (38.6), 
one of (38.8), composed for (38.7), and (38.16). 

Finally, condition (38.15) may be applied for fifth and sixth- 
order systems where in choosing three transfer factors of the reg- 
ulator equations (38.6), (38.10) and one of (38.8), composed for 
the expression (38.11), are used. 

In all cases satisfaction of the individual conditions in numerical 
calculations is facilitated by using the appropriate auxiliary graphical 
constructions. 

Above we were everywhere concerned with the choice of transfer 
factors of the regulator, but it is completely obvious that this method 
may be applied in the same form to choose various other parameters 
of the system including the time constants. 

In applying this method (as in all the preceding, starting from 
the stability condition) the choice of parameters from the given 
conditions should always simultaneously be accompanied by con- 
sideration of the static (and stationary) system errors. 

We remark that the simplest choice of m different system para- 
meters is obtained from the condition of equality and realness of 
the roots of the characteristic equation nearest to the imaginary 
axis, i.e. 
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which gives equations of the form (38.6), (38.10), etc., for the calcu- 
lation of m. Several authors have used this approach. However 
multiple roots give more drawn-out processes in comparison with 
those with separated roots and the same degree of stability. When 
basing the calculation on the equality and realness of all roots it is 
therefore better not to preassign the quantity h but to employ 
a system of formulae (37.28) for the choice of parameters. 

Nikol’skii’s method discussed above permits the roots to be differ- 
ent. It may be developed further in this direction if we use shifted 
equations of the form (37.6) for two or several à = h, A = M, à = M 
in place of the single preassigned à = h. But this makes the calcu- 
lation more complicated. 

The Popov-Sokolov method. The following method, developed by 
T. N. Sokolov, is based on a work of V. K. Popov (1947). The best 
case is considered to be that in which a pair of complex roots of the 
characteristic equation of the system is closest to the imaginary 
axis. Then the characteristic equation (38.1) of arbitrary degree n 
is represented in the form (the coefficients are unknown) 


(2) (22+ Bz +B) = 0, (38.17) 


where (2) is a polynomial of degree (n—2) while the quadratic 
expression in parentheses corresponds to the pair of complex roots 
closest to the imaginary axis, which will have the expression. 


m= aif p-f (38.18) 


(the numbers #, and ß, are as yet unknown). 

We shall consider the above trinomial as basic, defining in general 
outlines the form of the entire transient process (for this all the 
remaining roots should be remote from the above). As is evident 
from (38.18), the time constant T characterising the attenuation 
of the basic part of the transient as well as the fundamental natural 
frequency œ and period 0 will be: 


2 
T=2, es pee, (38.19) 





q@ 


The decrement ratio of the basic term in the transient response 
(i.e. the ratio of successive amplitudes over a period) will be 


e tT * (38.20) 


* Editor’s note. (38.20) is the reciprocal of the usual damaging factor in 
Western literature C®T. 
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The attenuation will be the stronger, the smaller is T (i.e. the 
greater the degree of stability 8,/2), while the number of oscilla- 
tions in the process will be smaller, the smaller the decrement, i.e. 
the greater the ratio 6/7. For example, 


e 


qj 


Io 
a 


=0.018 with ==4; (38.21) 


this signifies that even after a single period the amplitude of oscilla- 

tion in the transient is only 1:8 per cent of the initial peak, i.e. 

practically the oscillation has not succeeded in developing since 

after a single period it may already be considered as damped out. 
From (38.19) condition (38.21) leads to 


m4 
Bs = sg Bi» (38.22) 


where the roots (38.18) may be represented in the form 


a3 = a(i +7) ; 

Developing this method further, T. N. Sokolov (Reference 22) 
proposes estimating the entire transient response not from two 
but from three roots closest to the imaginary axis, considering the 
third root to be real. The characteristic equation (38.1) is represented 
in the form 

qlz) (2 + Ba) (2° + Bye + Be) = 0, 


where 9,(z) is a polynomial of degree (n—3). Two roots will have 
the values (38.18) and the third, 2, = — fy. 

Relations (38.19) and (38.22) remain as before, and in addition 
it is considered expedient to put 


a=. (38.23) 


Aside from the choice of roots of the characteristic equation 
closest to the imaginary axis an estimate should also be made of 
the static error of the system for the regulated quantity (and in 
servomechanisms, the stationary dynamic error with constant 
velocity or constant acceleration). 

We shall illustrate the method of determining the system para- 
meters based on these considerations, following T. N. Sokolov (since 
the method requires individual approach to each structure taking 
into account the physical realisability of the requirements placed 
on the transient response). 

Let us consider a servomechanism with the structure shown in 
Fig. 178. Here y(t) is a preassigned quantity, x, is the regulated 
quantity. The system has differentiating D and integrating I elements 


23 
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and transient feedback, in which the input quantity is 2, and the 
output V,. Let us construct the system equations. 
The equation of the drive with the regulated object will be 


(Tip +1) pa, = hve, 


where T, is the electromechanical constant of the drive. 


Further we have 
Vi = ky — a). 





Fig. 178 


At the output of the amplifier the voltage will be V,+V,+V,—V,, 
while at the output, V; consequently, 


(Tap +1)V_ = k(V,+V_e+V5—V,) , 


where T, is a time constant, k, is the overall gain factor of the vacuum 
tube and rotary amplifiers. 
We have for the feedback (Fig. 178) the equation 


(Tap +1)V, = ka p*a, . 
At the output of the integrator 
1 
Ve = Ban . 


At the output of the differentiating element 
V; = kspVı . 
Let us write this in the form of a single system equation for the 
error magnitude (y—2,), which we denote by x. We obtain: 
(P+ ap’ + ap? + agp? + agp +a) = (p> +b, p? + bap + bs) py , (38,24) 


where 
` _ TiTa+T,Ta+ TT; -1 1 1 











Te D T 
is Ti+ T+ Ts + kikk + koksTa) 
a T,T:T, : 
_ 1+ kokika(ks + Ts) 
———T Tt,’ (38.25) 
Gos kok, k(1 + kaTa) ü= kok kak 
b =a b, = Ti+ Tat Ty hikslg b, = 1 
1 “15> 2 TPT. , 3 TTT, bi 
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We see immediately from equation (38.24) that the statie error 
in the given system (with constant magnitude y) and the stationary 
error with constant velocity py will be equal to zero*. Only ac- 
celerated variation of the input quantity with constant acceleration 
py will cause a stationary error 


bs 7 7 1 Ie aa a 
m PY tll I (p?y = const) , (38:26) 





a 


ie. a constant error quantity 22 will be preserved in the steady- 
state with constant acceleration py (while in the steady-state of 
following with constant velocity there will be no error). 

We now determine the system parameters T3, kz, ks, ke, starting 
from the required quality of the transient response and estimating 
it from the three roots closest to the imaginary axis. The charac- 
teristic equation 

25 + a,24+ a2? + age? + a2 H a = 0 
is represented in the form 
(2? + CZ + Ca) (2 + 0427+ mee +a = 0. 
We have the following relations among the coefficients: 


%=Q+a, 

My = Cot Me + Oa, y 
Qa = Ag+ Cag HCA , 
Q, = Cita Caa y 

As = Cog . 


(38.27) 





The fundamental polynomial (2*-+ «,2?-+«.%+,) is represented. in 
the form 
(2+ Ba) (2? + Bi2+Be) , 
a = Bi +8s, aa = BetPsh, , ts = Pabe. 
In accordance with (38.23) and (38.22) we obtain from the above 


2 n? +4 
By = 3%» Ba =- Os 


where 


mw+t4 2 
X = (t) ar d 0-610; , 


mt4 
aa = 98 of w 012803. 


From the magnitude of the permissible error 2°, taking into ac- 
count the given k,k,k., we find the coefficient of the integrating unit 


ipa 
8 = pkk 


* Neglecting the load on the regulated object. 





(p?y = const) . 
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We then remark that 


a ke __ 0m 
a, +k s Cits +tCzm 


Assuming ¢,<c, (this gives a higher frequency at the roots z, 
and z, and justifies the further numerical calculations), we have 
in the first approximation 


Substituting here 
1 
ty = Pay = u(x +h) ’ 
where u is as yet an undetermined coefficient while kyr denotes the 


preassigned quantity 
1 1 


pt T, $ 
we obtain the quadratic equation with respect to T,, from which 


1 k 4-76 k 4-76 Ak 
ten ge [tt yH I 


Since T, should be ae we have 


kr = 


The two last formulae permit choosing the applicable values of T; 
and u. After this a,, bı, ba become known, which means also a, from 
(38.26). We then calculate 

ai = ua, o% =06lai, x = 01280, 
a 
SUSA, C = ~ 
and as, a3, a from formulae (38.27). 

Then from (38.25) we find ks, k, and an improved value of k,. Now, 
adopting these values for all the selected parameters, we may cal- 
culate the exact values of all the equation coefficients and their 
decomposition. After this all the roots of the characteristic equation 


2 
epoch ae. 
Za = — By, 

xyi 
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are found and a knowledge of the roots gives the possibility of plotting 
the transient curve (see Part V). In this construction the right- 
hand part of the differential equation of the system (38.24) is taken 
fully into consideration, i.e. both the poles and the zeros of the 
transfer function of the closed system are taken completely into 
account, which eliminates the initial defect of considering the quality 
of the transient response only from the roots of the characteristic 
equation. 


39. Calculation of the roots of equations and polynomials 


The transient response in regulation depends very much on the 
pattern of distribution of all the roots of the characteristic equation 
in the complex plane, for example, if the roots are close together 
or if they are wide apart, etc. To a still greater degree the transient 
response depends on the mutual positions of the roots of the charac- 
teristic equation and the roots of the operational polynomial in the 
right-hand part of the differential equation of the closed system 
(poles and zeros of the transfer function of the closed system). 
The methods discussed here may be used to calculate the roots of 
this operational polynomial (zeros) and to compare them with the 
roots of the characteristic equation (poles). 

In addition, calculation of the roots of various algebraic equations 
has already been required for various auxiliary purposes, for example 
in applying the frequency stability criterion (Section 30). Below we 
shall also sometimes find it useful to know the roots of the charac- 
teristic equation of the system (for example, in Part V) or certain 
auxiliary equations. 

We shall consider several simple procedures for calculating the 
roots of the algebraic equation 


ag? +az 4+... F An- FH an = 0 (39.1) 
or, which is the same thing, the roots of the polynomial 
f(z) = a + ay" H + One tan . (39.2) 


Simple case. If the left-hand part of the equation or the polynomial 
is expanded in factors 


f(@) = (Tye +1) (Tee + Tye +1)..., 
the roots are found by solution of the equations 
Tet+1=0, Te+Tez+1=0,... 


In particular, if z» may be factored out of the polynomial f(z) 
this signifies that there is an m-fold zero root (z = 0). 
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The characteristic equaticns of closed systems and polynomials 
Q(z) and F(z), figuring in the frequency stability criterion (Section 30) 
sometimes constitute such simple types of equations and polynomials. 

Estimate of the moduli of all roots. Let there now exist equation 
(39.1) or a polynomial (39.2) not decomposed into factors. If all 
their coefficients are positive, the moduli of all roots |z| satisfy the 
inequality * 

m< |< M, (39.3) 
where m and M denote respectively the smallest and largest of the 
ratios 


a, a, Qn-1 An 


oe ty ’ . 
o Ay An- An- 


If in addition the stability condition is observed, then (39.3) signifies 
that all roots are located in the hatched region in Fig. 179, having 
a half-annular shape. If the polynomial (39.2) does not satisfy the 
stability conditions, the roots are located over the entire annulus. 





Fic. 179 


On calculating the values of the polynomial. Below we shall require 
to calculate the values of a polynomial (39.2) for arbitrary real 
values of the number z. In direct substituticn each value of z must 
be raised to a high power, which is a very laborious operation for 
“unyounded” values of z. 

This necessity was also encountered in constructing Mikhailov 
curves and the amplitude-phase characteristics, as well as in cal- 
culaticns connected with the degree of stability. But there in the 
majority of cases “rounded” values were satisfactory. 

To calculate the values of the polynomial tables constructed by 
K. P. Ivanov (Reference 31) may be used, where the problem is 
reduced only to the operations of addition and subtracticn. 

In addition, it is possible to speed up the calculations appreciably 
in comparison with the method of direct substitution of z, in the 


* For proof see (Reference 35), p. 190. 
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following manner. Let it be required to calculate the value of a poly- 
nomial (39.2) for some z = c. We calculate a number of auxiliary 
numbers: 
by = C+, , | 
ba = cb +4, , 
bn-ı = Cbn-2 + On 5 
after which the required value of the polynomial (39.2) will be*: 
f(e) = Cbn- + an . (39.5) 
With this method there are a total of n operations of multiplica- 
tion, while with the ordinary substitution of z in the polynomial 
a minimum of 2n multiplications is required. 
Finding the real roots. If among the roots of equation (39.1) are 
real ones, then (with positive coefficients of the equation) they 
are all located, from (39.3), within the segment 


(39.4) 


—-M<2z<-m. (39.6) 


In the first approximation all the real roots may be found by 
plotting the curve 


f (2) = ag” + aye" + ... + an- + On, (39.7) 


where it is necessary to plot this curve only in the segment (39.6). 
In plotting the curve it is recommended for simplification to use 





Fig. 180 


the above method of calculating the values of f(z). The points of 
intersection of the curve f(z) with the z-axis give the approximate 
values of all real roots of the equation (39.1), for example the three 
simple roots 2,, 2, and z in Fig. 180a. If some real root is double, for 
example z, = 23, the curve f(z) will be tangent to the z-axis (Fig. 1805). 
If there is a triple real root, for example 2, = 2, = Z4, then in place 


* Proof, see (Reference 35), p. 273. 
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of tangency with the a-axis the curve f(z) will have a point of inflec- 
tion (Fig. 180c). Analytically the criterion for multiple roots is the 
vanishing at the given point of the corresponding number of deriv- 
atives df/dz, d?{/dz?, etc. 

If the precision of the graphical construction is insufficient, it 
is easily possible to find a more exact value of the root analytically. 
From the graph Fig. 180d it is reliably evident that the root z, lies 
between certain nearby values z = a and z = b. Then, taking the 
curve f(z) on the small segment ab as a straight line (Fig. 180d), 
we may calculate a more exact value of z, from the obvious (by 
similarity of triangles in Fig. 180d) formula 


„ — Hia) —af (b) 

+ fla)— fb) ’ 

where f(a) and f(b) are the values of the polynomial f(z) at z = a 

and z = b, calculated by one of the above-described methods, where 

j(a) and f(b) should be substituted with their signs (in the given 
case they have opposing signs). 

Finding complex roots. After all real roots of the equation have 

been found, for example z,, 2, and zz, we divide our polynomial (39.2) 

in the following manner: 


(39.8) 


(2) is 
(@—aye—aylera) O (39.9) 


In dividing the polynomial (39.2) by (2—z;) the coefficients of 
the required quotient 


baet! bzn- +... + Ono + Ons 


will be 
Bean: (39.10) 
bi = li + Zibia (@=1,2,...,n—1). i 
Here the remainder 
fi = On + Zibn-1 
should vanish (this serves to check the calculations). 
Further, after division by (¢—z,) we obtain the quotient 
Cyl? + 6427-3 +... + Cn- + Cra y 
where 
C= bo, 
9.11 
Ci = bit 2 (i= 1,2, ..., n— 2) (3 ) 


and the remainder 
Ta = Ön- F 2Cr- = 0. 


Division by (2—2) is carried out similarly. 
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The polynomial (z) (39.9) obtained in this way has a degree 
lower than the initial f(z) by the number of previously found real 
roots. Since in this new polynomial ọ(z) there are no longer any real 
roots, it has necessarily an even degree. 

In the simplest case when 9(z) is a second-degree polynomial, 
its roots are calculated by simple solution of the quadratic equation 


o(z)= 0. 


The roots of this equation will be the required complex roots of 
equation (39.1). 

If 9(z) is a fourth-degree polynomial, to calculate its roots we 
may proceed in the following manner. Let 9(z) have form 


o(z) = # +a +b +ez+d (39.12) 
(if the coefficient of z* is not equal to unity it may be divided through 


the polynomial, which does not change the roots). To find its roots 
we first construct the auxiliary cubic equation 


y®— by?—(ac—4d)y—[(a2—4b)d +e] = 0. (39.13) 


We then find any real root of this equation y, by the rule for 
finding the real roots described above. We then calculate the auxiliary 
quantities A and B from the formulae 


3 
A=T—bt+h, 





(39.14) 


bd 
be 
(ws) 
e 
a 
| 
| s 
be) 
ae eT ere 


If a minus sign is obtained in the last of these formulae, the 
numbers A and B must be given opposite signs, while if plus, the 
same signs (it is immaterial which). 

Calculating A and B, we construct two quadratic equations: 


24 (5+ a)e+ B+B =0,5 
a : (39.13) 
#+(5—4)2+ _B=0, 


solving which, we find all the complex roots of the polynomial 9(z) 
and therefore of the initial equation (39.1) or the polynomial (39.2). 

For approximate calculation of the roots of the equation with 
pairs of complex roots far from each other, which occurs, for example, 
in the equation of motion of an aircraft, there is a special procedure 
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described in the book of V. S. Vedrov (Reference 17). The numerical 
method developed by O. M. Kryzhanovskii is also of interest. 

Simple numerical method of finding all roots of an algebraic 
equation (or polynomial). Let there be given an equation of arbitrary 
degree (39.1) or polynomial (39.2), i.e. the numerical values of all 
coefficients are given. It is required to find all their real and complex 
Toots. 

From the form of the last three members of the given poly- 
nomial, i.e. 

an- T Qn-ı? + an, 


we estimate roughly if this corresponds to a quadratic equation 
with real or with complex roots. If the former, we begin by calcu- 
lating one real root of the given polynomial while if the second, 
a pair of roots. All coefficients of the polynomial will be considered 
for concreteness positive, which is most important for the theory 
of automatic regulation. 

The process of calculating the real root z, is as follows. Let us 
take the first approximation for it in the form 

an 


2 = — 
an-ı 


and divide* the polynomial (39.2) by (z—2ı) until a binomial 
bn- + an s 


is obtained which is not divisible without remainder by (z—zi). 
Then as the second approximation for the required root we take 
the value 

an 

TO baa 





and again divide the polynomial (39.2) by (z—2ï) until a remainder 
is obtained in the form 
Cy —~12 + An - 


The third approximation of the root is 


wee An. 





Cn-1 


with subsequent division of the polynomial (39.2) by (2—23). This 
process usually converges very rapidly to the required value of the 
root. In practice two divisions are sometimes satisfactory. But there 
are also cases where it diverges. 


* This division may be carried out actually either by the method of elementary 
algebra or by formula (39.10). 
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To find the remaining roots of the same polynomial we proceed 
exactly in the same manner with the new polynomial of (n—1)st 
degree, obtained from the last division by (z—2,), where z, is the 
final stable value of the first real root. 

The process of calculating a pair of roots is completely analogous 
to the above, where as the first approximation we assume that the 
required pair of roots corresponds to the trinomial 

an— an 
2+ 2z + 4A, 
An—2 An- 
and the given polynomial (39.2) is divided by it until the trinomial 
bn~22? d- bn + An , 
is obtained, not divisible without remainder. We then take the second 
approximation in the form 


22+ Panty 


Baz One 


ay 








and again divide the initial polynomial (39.2) by it to the remainder 
Cn—o 22+ Cn- + An. 
The third approximation will be 
Cisi ün 


get oh ag 
Cn-2 Cn—2 





’ 


by which (39.2) is again divided. This process also converges fairly 
rapidly. Obtaining a satisfactory approximation in the form of some 
trinomial 

atobete, (39.16) 


we find the required pair of roots of the given polynomial (39.2) 
as the solution of the quadratic equation corresponding to the trino- 


mial (39.16), i.e. T 
b b? 
4a2=— E r 


where the roots may be either complex or real. 

To obtain the next roots we proceed in the same manner with the 
new polynomial of (n—2)nd-degree, obtained by division of (39.2) 
by the trinomial (39.16). This polynomial already exists as a result 
of the last division by the above-described process of calculation. 

When all roots have been found it is useful to carry out an ele- 
mentary check of the calculaticn based on the properties of the 
products and sums of all the roots of the equation, namely: 

ZiZa -e Zn = Eo, 
ay 


tet... FH 24 = — —. 
Qo 
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Let us consider a numerical example to illustrate the above method 
for determining the real and complex roots. A sixth-degree equation 
is given: 

Z 4-25-0025 + 292-324 + 337-525 + 338-422 + 175-92 + 7-360 =0. 
We shall seek the values of the roots to three significant figures. 

We take the first approximation 


,_ 7360 


Dividing the left-hand side of the equation by z+ 0-04183, we obtain 
2 + 24-9624 + 291-323 + 325-32? + 324-82 +... 


with the binomial remainder 


162-32+ 7:360 . 
We take the second approximation 
n 1360 _ 
1 = — i993 > 0:0453 


Similarly dividing the left-hand side of the initial equation by 
(2+0-0453) we obtain the new remainder 


161-32 + 7-360 . 
The third approximation is therefore 


ii 7:360 
ai" = — Tap g 770046, 
which we take as the value of the required real root since the rapid 
ċonvergence is here obvious and the fourth approximation will give 
practically the same value for 2,. 
To determine the following roots we start from the polynomial 
obtained in the last division, which in this case has the form 


4+ 24-9624 + 291-228 + 324-32? + 323-82 +1613. 


The first approximation is 


2 = -SS = — 0:498. 
Division of the last polynomial by (z + 0:498) gives as the remainder 
231-52 + 161:3. 
Therefore the second approximation will be 
a = ola — 0.697 
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Dividing the same fifth-degree polynomial by (2+ 0-697) we obtain 
the remainder 
231-02 +1613. 

The third approximation 

l a 1613 

z2 = — 53310 ` — 0-698 , 
which we take as the value of the second real root of the initial 
equation (a trial of the fourth approximation gives the same value, 
— 0-698). 
As a result of the last division the polynomial 


zt + 24-2628 + 274-327 + 132-82 + 231-0 


is obtained. Here we note that the last three terms correspond to 
a quadratic equation with complex roots. Therefore as the first 
approximation we take the trinomial 


132-8 231-0 


2. U a Se Ss é ; X . 
2 + 97437%+ 9743 24+ 0-4842 + 0:842 
We divide 
z4 24-2623 +274:322 +132-82+231-0 |224- 0:484z + 0:842 
A+ 0:4844 0-8422? Z423- +... 


23:772 4273-422 +132-8z 
23:772 + 11-512 + 20-022 
261-92? +112-82+ 231-0. 
We take the second approximation 
112-8 231:0 
a 11428, , 2310 _ 
Z + 26197" 2619 
We divide the fourth-degree polynomial by this, which gives the 
remainder 


22+ 0-4312- 0:881. 


263-12? + 111-82 + 231-0. 
The third approximation from this will be 
2? + 0-4252 + 0-877 . (39.17) 


This may already be taken as the required second-degree equation, 
since division by it gives a remainder close to the previous one (i.e. the 
process converges rapidly). As a result of this division the trinomial 
2? + 23-832 + 263-3 (39.18) 
is obtained. 
Consequently, the third and fourth roots of the sixth-degree 
initial equation are found by solving the quadratic equation corre- 
sponding to the trinomial (39.17), i.e. 


tag = — 0:213 440-920, 
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and the last, fifth and sixth roots from the trinomial (39.18) are 
Zsa = —11-92 +111-01. 


All six roots of this sixth-degree equation have thus been calcu- 
lated very simply. The sum and product of all roots gives 


— 0:0456 — 0-698 — 2 -0:213 — 2-11-92 = — 25-01; 
(— 0:0456) (— 0-698) (0-213? + 0-920?) (11-92? + 11-01?) = 7:43; 


and from the original sixth-degree equation they should be equal 
to 25-00 and 7:36 respectively. This result indicates that the method 
is sufficiently precise for our purposes. 

We have already remarked that this method may sometimes be 
divergent, but even in these cases it is possible just the same to find 
the required roots. 

Kh. L. Smolitskii proved the following theorems on the convergence 
of the given numerical method for finding the roots. Let there be 
calculated a real root z, of the polynomial f(z). We put 


_ an _1_ f (2) 
et q(z) =1 rarer 
Tf |q(z,)| <1, the. calculation converges, if |q(z)|>1, it diverges. 
When a pair of roots is calculated (including complex), we put 


f(z) 


qe) Mee a! 


where bz?+c¢z+an, is a trinomial corresponding to the two roots 
z and 2. If |g(z,)|<1 and |q(z,)|<1, the calculation converges 
while if |q(z)|>1 or |g(z.)|>1 it diverges. Unfortunately both 
these theorems express the convergence condition in terms of the 
value of the required root. 

D. A. Bashkirov gives the following recommendations to improve 
the convergence of calculation in those individual cases where it 
is poor or the calculation even diverges. 

1. If in finding the real roots the sequence of values 

an 


a a, 
A =, ae, “= ——*,... (39.19) 
Qn-1 n—1 Cn-1 





does not vary monotonically but “oscillates”, a new approximate 
value of the root should be taken (for the next division) equal to the 
half-sum of the previous value and that which is obtained from the 
remainder, i.e. it is necessary to take 


a= 5(4- On ), a 


Cn-1 
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2. If in finding a real root the values (39.19), although monotonic, 
vary very slowly, as the next approximation it is necessary to take 


ft F Tatt 


Me ar — 2r 
wo E ae 
F 


, sr , 


y 


where r’ and r” are the remainders of the complete division of the 
polynomial by z—zı and by z—2;' respectively. 

3. If the calculation converges poorly or diverges in determina- 
tion of complex roots, it is necessary to transform the given poly- 
nomial. In many cases it is sufficient in place of polynomial (39.2) 
to take the polynomial 


aot klt Han- '+anq" , 


obtained by the substitution ż = 1/q, and to calculate its roots 
G1) d2, -+ n- The roots of the original polynomial will be the inverse 
magnitudes. For example, for the polynomial 


A + 62 +312 -+ 66z +130 
the calculation diverges. We write the new polynomial 


130g + 66g + 31g?-+6q+1, 


calculate its roots, and obtain 


ae = a =-1473; %4,= La —2 +4⁄3. 
qı.2 qa, 

In other cases it is useful to transform the equation by shifting 
the imaginary axis in the root plane to the right. This is done 
according to formulae (37.6) and (37.7) where it is necessary to 
substitute — à by A. It is also possible to employ other transformations, 
which provide a definite relation between the roots of the given 
and the new polynomial. 


40. Choice of system parameters from the locations of all roots of the 
characteristic equation 


We shall consider here two methods based on a knowledge of 
all roots of the characteristic equation. 

Method of assignment of all roots. One of the possible methods 
of defining the parameters of the system from the locations of all 
roots of the characteristic equation was proposed by Z. Sh. Blokh 
(Reference 27). Recommendations concerning the assignment of the 
roots themselves were not considered in this method. We shall 
explain it by a single example, since this method has not been de- 
veloped in general form. 
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Let there be given the structural diagram of the system shown 
in Fig. 181, where the element equations have the form 

1) (Tip +1)", = — kts, 

2) (Tap +1) a, = h(x, — 2X5) , 

3) (Tap +1) a5 = gr, , 

4) (Typ +1)a, = kitz, 

5) Ty pr, = % , 

6) (Tap +1)% = keps, . 

Since the open network is here a particular case of the circuit 
of Fig. 110a, where m = 5, k = 1, 1 = 4, from (21.10) and (20.11) 





Fig. 181 


\ 


we obtain the left-hand part L(p) of the differential equation of 
the closed system in the form 


L(p) = (Typ +1) Tsp{(Tep +1)(Lsp +1) (Lap +1)(Tep +1) + 
+ kokskiko p] + kykekgky(Tep +1). 


Consequently, the characteristic equation of the system (after di- 
vision by T,T:T,T,T;T.) will be 


(era) lta) e+) +a) On) + natal + 


Ie lealegh ( a 
| LEE ae 40.1 
+ TEE T) (40-2) 





where all parameters (k;, Z;) are so far considered unknown. 

This is a sixth-degree equation. Let all six roots 2%, Za, ..., 2; 
which the given system should have be given. 

Then from well-known formulae expressing the relations between 
the roots and the coefficients of the equation 


2644,2+...+a,¢+a,= 0, (40.2) 
we may calculate 
Ay = — (21 + 2+... t Ze) 5 
Og = ZiZa + 2123 +... + Ze s 


Oy = — (212823 H22 +... + 242520) » | (40.3) 
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We construct the function 


E kikakska j 1 
He =LA- TTET) 





where L(z) is the left-hand part of equation (40.2) in which all coef- 
ficients are calculated from formulae (40.3). Then in contrast to 
(40.2) the functicn H(z) will have the form 


H (2) = 28+ a,25+ a + aa? + a2? + az H ag , (40.4) 
where ai, @z, 43, &, are as before and 


t= Ge — _ hykelighy a en kikakska 
w= TET, VTS ERAT, 45) 








Since (40.2) is a second expression for the same characteristic 
equation (40.1), the function H(z) will correspond to the left-hand 
side of (40.1) without the last term. 

Element 1 (Fig. 181) will be considered the regulated object and 
its parameters k, and T, given numbers. 

Let us divide H(z) by the first two factors of (40.1), i.e. by 


1 
(: + z z. 
We obtain the quotient 
G(z) = A+ b + b+ bz +b, (40.6) 


where from (39.10) we have 


r =(«- gè)e+a ; (40.7) 
Tı 
Consequently 


H(z) =(2+ gr) 2e)-+7 ; 


In order for this expression for H(z) actually to correspond, as 
is required above, to the left-hand side of equation (40.1) without 
the last term, the following equalities 


paN AN AN 1), Ballas 
G2) = (z+ z) (2+ 7) (2+ T (: $ T)+ Rie?) (40.8) 
pitt. (40.9) 





should be valid. 
24 
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Since this should be satisfied for arbitrary z, from (40.7) we obtain 
two equations 


Substituting here (40.5) we solve these equations iñ the form 





Ky kykgk, 1 
TRETT, as— T, a, (40.10) 
_ Tias— 
Te = Sa (40.11) 


where Ti, 4, @5, 4&4 are known. Consequently, the time constant T, 
of the transient feedback 6 (Fig. 181) has been found. 

We proceed further with the polynomial G (z) (see formulae (40.6) 
and (40.8)) exactly in the same way as before with (40.2) and (40.1), 
namely, we calculate from (40.6) the quantity 


hekgkykg 3 
T,T,T,T, ’ 


we divide the result by (z+1/T.), employing formula (39.10). The 
remainder r is equated to zero. From it, assigning ką, we find the 
quantity 


kokak 
TIT? (40.12) 





and from it and (40.10) we calculate 7. The quotient of this division, 
from (40.8), must be equated to the expression 


etren) etr) 


This signifies that having found the roots of the given quotient, 
of third degree, we should equate them to (—1/T,.), (— 1/T3), (—1/T,) 
from which we find T,, 73, T4. 

Further, since (40.12) is known, it is possible to define kg, ks, k, 
as well. Thus, all parameters of the system will be found. 

It should be noted that this method cannot always give a good 
result since the majority of system parameters are rigorously defined 
here from a given distribution of roots. However in actual systems 
only a small number of parameters may be varied in wide limits. 
As a result of this, and even from the point of view of the quality 
of the response, there is hardly any practical significance in a rigid 
assignment of all roots of the characteristic equation of the system. 
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Numerical method. Application of the above method may lead 
to very complicated calculations. The main drawback consists in 
that rigid requirements are placed on the roots of the characteristic 
equation in this method, which cannot always be realised in practice, 
The problem is that, widely varying the parameters and structure 
of the regulator (with physical limits), we are still not able to vary 
the roots of the characteristic equation arbitrarily as a whole, since 
they also depend on the given dynamic properties of the regulated 
object. 

This last circumstance may be the cause for repeating the calcu- 
lations in the above method many times, with differing distributions 
of the roots. This may occur in a number of cases even when using 
the methods described in Section 38. 

Therefore, considering the simple numerical method of finding 
all the roots of a polynomial of given degree, described in Section 39, 
it is expedient to abandon the preassignment of the roots and to 
apply the numerical method described below, taking into account 
in advance the limits of physical realisability of the parameters. 

Let there be given a regulated object taking into account the 
requirements of system stability as a whole and satisfactorily small 
static and stationary errors of the system, and the structure of the 
regulator or several possible alternatives noted. For the description 
of the method to be more specific, we shall refer to the example 
of an aircraft with autopilot, the equations for which were presented 
in Section 25. 

Let us assume that the parameters of the regulated object (in 
this example T,, T,, kı, ka) are given in numerical form and that 
certain parameters of the regulator (in this example T, and T,) 
and its remaining parameters must be found (in this example the 
transfer factors of the autopilot ky, ki, ks, ky, which correspond 
to introduction into the regulation function of the first and second 
derivatives and the presence of an auxiliary stiff feedback). It is 
required to analyse if it is necessary to introduce all these factors 
and to select numerical values for the corresponding transfer factors. 

In the solution of this problem we shall not start from a preassigned 
index of quality of root distribution, as before, but rather with the 
aim of achieving the most favorable values of these indices of those 
which may actually be obtained in the considered automatic regula- 
tion system in various a ternative structures and in actually possible 
ranges of variation of the selected regulator parameters. These 
possible ranges of variation of the selected regulator parameters 
are defined from the design considerations and the requirement of 
sufficiently small static and stationary dynamic errors of the system; 
we shall assume them here as given. 
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Let us first consider the simplest alternative structure of the 
system with choice of a single regulator parameter—in this case, 
for example, the transfer factor ky at some numerically given average 
possible value of k; and with k; = kp = 0 (the circuits introducing 
the second derivative and auxiliary feedback into the system are 
disconnected). In other systems it is also possible to eliminate the 
first derivative, putting k; = 0, but here it should be introduced 
only because the nature of the equations of the regulated object in 
accordance with Section 33 make impossible satisfaction of the 
stability conditions of the system by a circuit with only kọ. 

Let us construct the characteristic equation of such a system. 


A HATI +My +4, = 0, 


where defined numbers and the magnitude of the selected para- 
meter (Ky) in symbolic form enter into the coefficients. We take 
several nr~iviical values of the required parameter (ka) in the physi- 
cally pos- ‘be range, For each of them we find by a simple numerical 
method (Section 39) all the roots of the characteristic equation. 
As a result we obtain the entire pattern of variation of the roots 
with variation of the given parameter (k,). This pattern may be 
illustrated by graphs of root variation. 

From these graphs it is possible to select the value of k, corre- 
sponding to the most favorable character of root distribution of all 
those possible for the given structure. At the same time, in de- 
pendence on specific technical requirements on the system it is 
possible to start from any concept of “favorable”: the highest degree 
of stability with widely spaced roots; complexity or realness of 
the root nearest to the real axis; maximum approximation to the 
Popov condition (38.21), ete. The last co dition signifies that in the 
complex roots z = «+iw it is necessary to obtain the greatest value 
of the ratio |a|/o at the maximum value of |«|. 

Immediately after this, retaining the adopted optimum value 
of ky, it is necessary to write the characteristic equation of the system 
so that the second of the selected parameters (k;) enter into it in 
symbolic form. Calculating in the same manner all the roots of the 
equation for several values of k; and finding as a result the influence 
of this parameter on the root distribution, we take its optimum 
value (similarly to the above). 

This process of choosing two optimum parameters of the regulator 
is, in essence, a process of successive approximation. In fact, assigning 
first the quantity k; and varying ky, we follow the character of 
variation of the roots along some straight line AB (Fig. 182a) inside 
the region of stability in the plane of these parameters. Let the 
optimum k, correspond to the point C. Then, fixing the corresponding 
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value ky, and varying the quantity k;, we traverse the line DE 
(Fig. 182a), establishing as a result a new optimum point F. 

In addition to this it would be possible to make the solution more 
exact, again varying the parameter ky, at a new value of k;, ie. 
moving along the line LM (Fig. 182a). This gives some new optimal 
point N. However in practice this is usually superfluous, firstly, 
in view of the approximateness of the system equations themselves 
and, secondly, as a result of the looseness of the concept of optimum 
root distribution of the characteristic equation. 





Boundary of 
Qfstability iN 


Fie. 182 


In the given solution of the problem it is necessary also to take 
into account that the optimum point F should not be too close 
to the boundary of stability since from considerations presented 
in Section 31 it is always necessary to have some stability reserve. 

If as a result of the above choice of one or two parameters of the 
regulator the root distribution at the optimal point (ky, k;) is never- 
theless not such as would be desirable in the investigated automatic 
regulation system, it is necessary to change the structure of the 
system (in our example to introduce either k;, or kp). 

It is necessary to construct the characteristic equation for the 
new structure where all the parameters in the coefficients are given 
numerically except the newly introduced one (for example, ks). 
The values of the remaining regulator parameters (ky, k;) are taken 
from the preceding calculation. For several values of the new para- 
meter (k;) all roots of the characteristic equation are determined 
by the simple numerical method (Section 39) and analogously to 
the above the optimal value of k; is chosen. From the character 
of the influence of this new parameter on the root distribution it 
will be evident whether its introduction into the structure has practi- 
cal significance. 

In this way testing the second alternative structure (for example, 
with introduction of kp), it is possible to choose the best, taking 
into account simultaneously the static error and: other technical 
requirements on the system. 
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We note that when a system is made more complicated by the 
introduction of additional elements, in calculating the first simple 
structure it is recommended to choose the optimum values of its 
parameters, requiring real distributed roots. This provides wider 
possibilities in calculating the more complicated structures with 
additional elements. In the final alternative the last regulator para- 
meter should be taken already on the basis of any arbitrary concept 
of optimal root distribution mentioned above, which it may be 
desired to have in the calculated system. 

In all cases, when choosing the parameters according to the roots 
of the characteristic equation, it is useful to consider the trajectories 
traced out by the roots in the complex plane with variation of the 
system parameters. 

Let us consider the following example, due to D. A. Bashkirov. 
Let there be given the characteristic equation 


A+ 58723 + 23-322 + 77-62 + 2-69 -+ h(22?+ 1-2542 + 14-5) = 


It is required to determine the character of variation of the roots 
of this equation with variation of the parameter k in the limits from 0 
to co. Assigning various numerical values to k, we calculate the 
roots by the numerical methods described in Section 39. The results 
of calculation are given in the table. 











| 

k A pA FA j A 
0 —0:035 --4-50 —0.670+ 44:07 

5 --1-44 —2-98 -0-727+ 14-14 
5-8 —2-20 i 10-30 —0-740+4 74-15 
10 —2:10 41:93 —0-832+ 74-18 
20 —1-54 43-47 —1-397+ 74:28 
40 —2-11 46-19 ~0-821+ 73-60 
100 —2-26 49-89 —0-675+ 73:69 
200 —2-29 14-1 —0-645+ 73-73 
o0 —2-31 too —0-627+ 13-76 





From the table it is evident that the system is stable with any 
positive value of k. The results presented in the table are represented 
in Fig. 182b from which the entire process of variation of the roots 
of the characteristic equation with variation of the parameter k 
from 0 to oo is clearly seen. With k = 0 the roots 2, and 2, are real 
while z, and z, are complex. With increase in the parameter k the 
real roots 2, and 2, approach each other; at some value k (~5-7) 
they merge; with further increase of k the roots z, and 2, again diverge, 
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but now as complex. The roots z, and z, in the entire range of varia- 
tion of k (0 <k < oo) vary little and remain always complex. 

Certain recommendations for choosing desirable root distributions 
of the characteristic equation as the initial material for selecting 
the system parameters are also presented in Section 43. 

Knowing all roots of the characteristic equation, it is then necessary 
to plot the curves of the regulation process by any of the methods 
of part V for the optimal point, and perhaps for certain others. 
This permits a better founded choice of definite values of the regulator 
parameters and taking into account of the right-hand side of the 
differential equation of the closed system. 


CHAPTER X 


APPROXIMATE CRITERIA OF TRANSIENT QUALITY 

IN LINEAR SYSTEMS TAKING INTO ACCOUNT THE 

RIGHT-HAND SIDE OF THE EQUATION OF THE 
CLOSED SYSTEM 


41. Integral criteria of transient quality 


In the preceding chapter we have considered approximate criteria 
of the quality of the transient response based on the distribution 
of roots of the characteristic equation. These methods of analysis 
and synthesis of an automatic regulation system already yield very 
much. However at the start of calculation they do not take into 
account the form of the operational polynomial in the right-hand 
side of the differential equation of the closed system, which has 
a very substantial influence on the shape of the transient response; 
this right-hand side has been taken into account only at the end 
of the calculation in plotting the transient curve to verify the quality 
of the results obtained. 

In the present chapter methods of investigation are considered 
which take into account not only the characteristic equation but 
the operational polynomial in the right-hand side of the differential 
equation of the closed system (i.e. the poles and the zeros of the 
transfer function) from the very beginning. Let us turn first of all 
to integral criteria of the transient quality, which have the purpose 
of relating two important aspects of the transient quality in a single 
criterion: the rate of attenuation and the magnitude of deviation 
of the regulated quantity during the transient (without giving one 
or the other individually). Such criteria in the theory of oscillation 
have been developed by L. I. Mandel’shtam, A. A. Kharkevich, 
N. D. Moiseev, B. V. Bulgakov, and others, and in the theory of 
regulation by V. S. Kulebakin, A. A. Krasovskii and A. A. Fel’dbaum. 

For a monotonic process the area under the transient curve, 
termed the regulation area (Fig. 183a), could serve as the integral 
criterion of the quality. This area is the smaller, the smaller the 
maximum deviation Tmax and the more intense the attenuation. The 
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regulation area is expressed by the integral 


jad (@=2%,—a), (41.1) 
0 
where g is the deviation of the regulated quantity z, from its value 2? 
in the new steady-state. For stable linear systems (x0 as ¢- 00) 
this integral has a finite value. An index of system quality will be 
the minimum of the integral (41.1). 

It is difficult, however, to determine in advance if the process 
is monotonic or not (see Section 37) and it is not always necessary 
to try for this, but for an oscillatory transient response the criterion 
(41.1) is not suitable since in this case the areas below the curve 
are added algebraically (Fig. 183b) and a minimum of the integral 
(41.1) may be obtained, for example, with the oscillatory process 
close to free harmonic oscillations, which is of course inadmissible, 
rather than for rapid attenuation. 

A second integral criterion has therefore been proposed 


œ 


fielat, (41.2) 
0 


ie. the sum of absolute values of all areas under the transient 
response curve. But it has been found that its calculation from 
the equation coefficients is difficult. 

Integral square criterion. In the light of the above it is expedient 
to go over to an integral square criterion, sometimes turned the 
“quadratic area”? of regulation: 

L= | adt (w = ap h), (41.3) 
0 
which is independent of the sign of the deviation and thus of the 
division of transient processes into monotonic and oscillatory. 

Let in some automatic regulation system an external pertur- 
bation f (load or other) change discontinuously. In a static system 
a stepwise change of the steady-state value of the regulated quantity 2, 
(Fig. 42) will correspond to this. In an astatie system the steady-state 
value of the regulated quantity remains as before (a? = z% ). 

Similarly with stepwise change of regulator adjustment y (input 
command in servomechanism) we will have the case of Fig. 42. The 
transient may have arbitrary form. 

The quantity I (41.3) will be the smaller, the smaller is the sum 
of hatched areas in Fig. 42 or Fig. 183 (taken for the squares of 
the ordinates), i.e. the better the transient approximates to an 
ideal step of the regulated quantity immediately after the step in 


364 The Dynamics of Automatic Control Systems 


the load or the adjustment. Below we shall see that this estimate 
is not always the best, but meanwhile we shall consider it more 
closely. 

We note that estimate (41.3) is also termed the quadratic dynamic 
error of the regulator. It may be written in dimensionless form: 


f adi 
| ee Su 41.4 
i he "1a h2 ”/ao Í ! l 
V a PV 
where # = x(t) denotes the deviation of the regulated quantity in 
the transient from its value 2 in the new steady-state (Fig. 42), h is 





(a) gz 
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some quantity having the dimensions of the regulated quantity (for 
example, the static deviation z?—.>°), a, and an are the first and 
last coefficients of the characteristic equation of the given system: 


a” +a... + an- Han = 0, (41.5) 


where the quantity /a,/an has the dimensions of time, as is evident 
from comparison of the dimensions of the corresponding terms of 
the differential equation of the system. 

Let us consider one of the possible methods of calculating the 
quadratic integral estimate (41.3) with stepwise external force. 

In general form the differential equation of an automatie regula- 
tion system (in symbolic operational notation), from (5.7), has 
the form 





L(p)x, = S(p)f(t) +N (p)y(t) ; (41.6) 


where v, is the regulated quantity or its deviation, f(t) is the ex- 
ternal perturbation, for example in the form of a load variation, 
y(t) is the external input force, for example adjustment of the regu- 
lator or servomechanism control point adjuster. The degrees of the 
polynomials S(p) and N(p) are always lower than L(p) but their 
degrees may also be equal (for example, in formulae (20.21) and 
(24.39)). 

Equation (41.6) when expanded has the form (5.6). Here, however, 
we shall not simultaneously vary f and y. Let the transient be caused 
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by a unit step 1(t) (see Section 6) or a function f with y = const, 
or a function y with f = const. Then the equation of the closed 
system is written in the form 


(aop? + ap”! +... + An 1p + An) Lp 
= (bap +b p +... + 0m spt om1(t), (41.7) 


where the operational polynomial in the right-hand side corresponds 
either to S(p), or to N (p). In the first case it is required of the system 
that it change the value of the regulated quantity as little as possible 
while in the second, that it follow as rapidly as possible the step 1(t) 
to a definite scale factor. 

In this notation with t< 0, when 1(?) = 0, we have a, = 0, i.e. 
the quantity æ, here (in distinction to Fig. 42) is read from the level 
of the old steady-state «°°. In the new steady-state of the system, 
when 1(t) =1, we have for Fig. 42 

ap- Be = bm (41.8) 
An 

For an astatic system when 1(%) corresponds to a step in the 
load f(t), we have bm =0 and a2? =a®. 

The deviation x of the regulated quantity from the new steady- 
state in an arbitrary transient response (hatched portion of Fig. 42), 
entering into formula (41.3), will be 


a(t) = a(t) — an 


where 2 (t) is a solution of the equation (41.7). 

Under the above conditions the formula for calculating the integral 
square error was obtained by A. A. Krasovskii in 1948; it is given 
here without proof: 


oo 


1 
I = l ædt A on? (BmAmn + Bm Am-1 + eee + B.A, + ByAy+ 


0 2a A 


where A is the following »th-order determinant (equal to the older 
Hurwitz determinant, but written in a somewhat different form) 


| On) “+ An-2; ngs — An-gy very oe 
| 0, An-1; — An~ss Gn-g§; sreg cee 

A= | 0, —4n, An-g: — Anay very eee! (41.10) 
| 0 | 
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and A(k=m,m-—1,...,2,1,0) in formula (41.9) denotes the 
determinant obtained from (41.10) by substitution in the (m— k + 1)st 
column of the column 





(41.11) 





0 


The coefficients B,,.B,»-1,... are calculated from the formulae 


Bn iat bm ’ 
Bn-1 = bm-1— 2bmbm-2 , 


Bm-2 = bm-2— 2bm-1 bm-s +2bmbm-14 , 


(41.12) 


In the determinant (41.10) all symbols with indices less than zero 
and greater than n are replaced by zeros while in (41.12) those less 
than zero and greater than m. 

When m = n, (41.9) is replaced by the following: 








S 1 , = 7 bi bh 
I= | atdt = —— (Bi An + Br-14n- +- +B24 + BiA) 7 3—, 
ô 2an A an 
where 











yt 2f(Bn—-1 ani (bn im {Bn—2 An- 
ea =e b è w )-2(5 to | b ~a)’ 























, bn—2  an-2\}? (2: __ an-ı bn-s a aa} 
Bn—2 -= bo b a ) “\ By ao bo Q 
bn | ("= e-s) 
fin 2 
ji i a) \ bo ao 
a/b a,\? 
Bi b? o = | 
1 0 ba lo 
, {b a 
W =b =), 
n ol Qa ? 
Dn— On — 
bi = n-1 m—1 
n=l na| ba s) 
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In addition, there exists an integral square criterion of the form 
(41.3) for a transient process caused by a unit impulse 1’(t). We 
denote this criterion by I’. 

Its formula is given, for example, in the book of B. V. Bulgakov 
(Reference 16); it is written in the form 











I SAS (41.13) 
where 
di, Agy Agy- O | 
Qos Az, Uy, OD | 
An == | 0, ays Oy oy | (41.14) 
10, 0, 0,.., an 
Yor Jrs Yay +s Yn-1 
Qo, Azs My, O 
@=lo, Oy yy sony | (41.15) 
O, 05 O, say an | 
and ao, 4, ...; An denote the coefficients of the left-hand side of the 


equation of the given system (41.6) while go, 9,,...,;9m the coef- 
ficients of the expression 


S(p) 8(—p) = pP + g9 PI +. + Jm- P? + Yn 


or the expression 


N (p) N(— P) = pP” +H pPI +... + Im-1P? + Imn , 


depending on whether the transient follows a unit impulse of the 
load f or the adjustment y. Here, as before, m denotes the degree 
of the polynomial S(p) or N (p), respectively. From the determinant 
(41.15) it is evident that formula (41.13) is appropriate for the case 
when m < n—1. Here all values of g with indices greater than m 
are replaced by zeros. The determinant (41.14) is the older Hurwitz 
determinant. 

The criterion for the unit impulse (41.13) is simpler than that 
for the unit step (41.9) but one of its properties should be re- 
marked. For example, let there be the equation of an nth-order 
static system with an mth-degree polynomial in the right-hand 
side and the equation of an astatic system of the same order with 
an (m+ 1)st-degree polynomial in the right-hand side (bm+ı = 0). 
It is easily verified that that for both the systems the expression 
for the integral estimate (41.13) will be exactly the same. In other 
words, introduction of the factor p in the right-hand side of the 
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equation of the system does not change the expression for the inte- 
gral estimate (41.13), which cannot be justified from the point of 
view of the general requirements on the quality of a transient response 
or regulation. The criterion (41.9) takes on various expressions for 
both these systems. 

The integral criteria I and T’ (or the expressions for the dynamic 
square errors) are applied to the choice of structure and parameters 
of automatic regulation systems. The best parameters are those 
for which the magnitude of J or I’ has the minimum value. 

It is important that here, in contrast to the methods of Chapter IX, 
not only the characteristic equation of the system is considered but 


T 


FIG. 184 


also the operational polynomial in the right-hand side of the system 
equation and to some extent even the magnitude of the regulated 
quantity deviation is estimated simultaneously with the rate of 
attenuation in the form of the quadratic area under the transient 
curve. 

In Section 44 we shall present one further formula for calculating 
the integral square criterion (41.3) from the given amplitude-phase 
characteristic of the closed system. 

A defect of integral criteria is that there are no restrictions on 
the shape of the transient curve. It is found, for example, that three 
completely different responses as shown in Fig. 184 have the same 
value for the integral square criterion (41.3). It is frequently found 
that excessively strong oscillations exist for system parameters chosen 
for a minimum of this criterion, since the effort to approximate 
the process to an ideal step-function already noted causes a high 
velocity process in the transition to the steady-state value w = 0. 

To improve the integral square criterion the expression has been 
proposed, where V is some (positive)-definite quadratic form of the 
quantity v and its derivatives «® with respect to time: 


n—-1 
V(t) = X aga%ae 
4,7=0 


(Qj = aj), 
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which has been considered in connection with the theory of auto- 
matic regulation by A. A. Fel’dbaum. 

Improved integral criterion. In many cases, to improve that integral 
square criterion of the transient quality, for a unit step of the ex- 
ternal force f(t) or y(t) (ie. to reduce the oscillatory process by 
limiting the velocity and reducing the ‘scatter’? of the possible 
forms of transient), it is usually sufficient to apply the following 
improved integral criterion: 


œ 


Ik= | (2+ Tat) dt, (41.16) 
0 


where æ is the deviation of the regulated quantity from the new 
steady-state value and T is a preassigned time constant, the signific- 
ance of which is explained below. 

While the minimum of the ordinary integral criterion (41.3) 
signifies approximation of the transient curve to an ideal step, 





Fic. 185 


the minimum of the improved integral estimate (41.16) as shown 
by A. A. Krasovskii corresponds to approximation of the response 
to an exponential. The actual response here may be also oscillatory 
(Fig. 185), but with small overshoot. 
In essence, we transform expression (41.16) 
I, = | (a+ 2)dt = f (w+ Tapar—27 f wade. 
0 0 0 


But taking into account Fig. 42 and (41.8) we have 


œ {moo 


Therefore 


In= | (w+ Dade +2 (e7. (41.17) 
v ae 
The lowest bound of the minimum I, is consequently defined from 
the condition 2+ Tz = 0, from which 
t 
w= ae T or 2, = a—(a—aPe T; 
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this corresponds to the broken-line curve in Fig. 185. In reality 
it is not possible in an arbitrary system to obtain zero value of 
integrand (41.17) and the transient curve will be somewhat different 
(for example, the full-line curve in Fig. 185). 

It is now clear how the time constant T entering into (41.16) 
should be assigned. If speed is important and oscillations are ad- 
missible (or even necessary), the value of T is taken smaller. If 
monotonicity and smoothness of the process is important, it is taken 
greater. 

In dimensionless form the improved criterion (41.16) may be 
represented, by analogy to (41.4), in the following manner: 


œ 


f (2+4 Ta?) dt 7 
Tyg = as = IM. (41.18) 
h2 t% he So 
An An 


To calculate the improved integral criterion I, for a transient 
caused by a unit step of load f(t) or input command y(t), we separate 
the integral (41.16) into two: 


Ir = f atdt+ T f id. 
0 0 


The fist of these represents the previous value of y, which is calcu- 
lated according to formula (41.9). To calculate the second integral, 
it is necessary to write the differential equation for ż. Differentiating 
(41.7) and noting that «= ż, we obtain 


(ao p” + ap" +... + Gn. p + An) È 
= (bP +b p” +.. Homa pP? +H bn p)i(t). (41.19) 
Therefore by analogy with (41.9) we find 


œo 


F l = 


G 





1 , 
oa A (BmAm-1 +Bm-1Am-2 + s+ B,A, + B,^o + B,A-;) ° 
n 
The final formula obtained (with m < n— 2) is 
j : 1 
In= | (a + Pid = —— (ByAm+(Bm—1+ T?Bm) Am1 
A 2a,4 
+ (Bm-2 + T?Bm—1) Am—2+ «+ (By + T?.Be) Ay + 
bmbm- 
+(Bo+ T?B,) A+ TByAsJ— FP", (41.20) 


n 


where we employ the previous notation (41.10), (41.11), (41.12). 
Only the determinant A_, is new here, but it is constructed by the 
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same rule as all the remaining, i.e. in the given case by replacement 
of the (m+2)nd column in the determinant (41.10) by the column 
(41.11). 

But since the determinant (41.10) has a total of n columns, the 
last determinant in formula (41.20) has significance with the condi- 
tion m < n—1, which in automatic regulation systems is frequently 
satisfied. In the case when m = n—1 it is necessary to apply the 
same form of the formula to the second integral in the expression I,, 
according to (41.19), as for equation (41.7) in the case m = n. Conse- 
quently, with m = n—1 we obtain the formula 


oo 


he f (a+ Tiyat = 1 
0 


202A 


+ (Bi + T?By-1) Am- +... + (Bı + T?B3) A+ 





[(Bm + T°Bn)Am+ 


2 
+(B,+ pepaj- iea p ig) 
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n Ap An 
where 
; bon 
Bi, seer 
0 
1 _ pp bn- an- : e) bn-2 Gn- 
r —2(-&) (et Ss), 
pR bn-2 an-2\}? j- t) (= =s) 
Bat ( bo =| a “Do an bo an F 


An\ [bDn-4 An- 
ma (- E) Eaa =| ' 


Similarly, applying formula (41.13), it would be possible as wel 
to calculate the improved integral criterion (41.16) for the disturbance 
caused by an external unit impulse. Taking into account (41.15) 
and (41.19), where 1(t) must be substituted by 1'(t), from (41.13) 
we obtain 

p- EEG) 

n 2a)An 





or 
= (14+ 21’. (41.22) 
Consequently, the integral criterion in the form (41.13) in essence 
here remains the same (since introduction of a common factor has no 
essential significance). This result may be explained by the fact that 
with impulse input the new steady-state regulated quantity is equal 
25 
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to the old and we are concerned here with the best approximation 
to the straight line = 0, coinciding with the axis of abscissae, 
and not to a step as before. 

The estimate (41.16) may also be calculated from the preassigned 
frequency characteristic of the system, for example in those cases 
where the equations of some elements of the system are unknown or 
when in general the entire calculation is carried out by frequency 
methods (see Section 44). 

A defect of the above formulae for calculating either I or I, is 
their expression in terms of determinants, which are difficult to 
expand in algebraic form when the characteristic equation is of 
high degree. In these cases it is possible to use existing special nu- 
merical procedures. The determinant A (41.10) itself, as the older 
Hurwitz determinant, in accordance with Section 29 has the form 


A = Ay = g(a — aaa) with n=3, (41.23) 
A = An = a,[4,(a,4,—4,4,)—a,a1] with n=4, (41.24) 


A = An = A| (414g — Bog) (Qal — Aas) —(4,0,— A %,)"] with n=5. 
(41.25) 


Only the determinant A,, is somewhat more complicated to calculate 
when the first column of A (41.10) with a single element an is replaced 
by the column (41.11) with two elements an- and a, and the deter- 
minant G with m =n— 1. All the remaining determinants are simpler. 

Finding the minimum of the integral criterion. Let it be required, 
starting from the minimum of some integral criterion, to select two 
arbitrary parameters « an @ in the given automatic system. These 
two parameters enter into the coefficients of the differential equation 
of the system. From the above formulae we find the expression 
of the corresponding integral estimate. This expression, if all para- 
meters of the system are given except « and 8, has the form 


= I(«, 8). 


To determine the values of « and # corresponding to the minimum 
of I, we calculate the partial derivatives with respect to « and ß 
and equate them to zero. As a result we obtain two equations: 


AL(%) 8) o, aoe = (41.26) 


da 
with two unknowns « and @. From these the required values of 
the parameters « and ß are found. To verify that this is actually 
a minimum and not a maximum, it is possible to calculate the value 
of I for these values of « and @ and then for some neighboring values. 
The value for the latter should be greater. It is possible to proceed 
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similarly in the choice of several parameters with respect to the 
minimum integral criterion. 

As we shall see below, the function J («, ß) will not always have 
a Minimum with respect to these parameters. It is then necessary 
to choose them for the smallest value of the integral criterion I 
within a region indicated from other considerations. 

It is also important to bear in mind that the expression for the 
integral criterion in terms of selected system parameters in algebraic 
form may be too complicated in a number of cases to test by formulae 
(41.26). In these cases it is possible to proceed otherwise: to assign 
several numerical values for one of the selected parameters (with 
all the remaining fixed) and to calculate for each of them the value I 
(or I»). The result will make clear which values of the given para- 
meter yield Imin (for clarity it is possible to plot the graph of I as 
a function of the selected parameter). It is necessary to proceed 
analogously also with the other selected parameters of the system. 

In concrete calculations it is always necessary to take into account 
that simultaneously with this choice of parameters it is necessary, 
firstly, to ensure good static properties of the system and, secondly, 
to test whether the optimum point is not too close to the boundary 
of stability, since as shown in Section 31 it is always necessary to have 
some reserve of stability. 


42. Examples of the choice of system parameters with respect to the 
minimum integral criterion 


Let us consider certain examples of application of various forms 
of integral criteria for the transient quality. 

To be able to have a clear opinion of the results obtained by choice 
of system parameters with respect to the minimum quadratic integral 
criterion, we take the Vyshnegradskii diagram for the third-order 
system and plot on it lines of equal values of the dimensionless 
integral square criterion Iọ. We compare the results of the plot 
with the results of the previous methods for choice of parameters. 
We also compare the results of applying the integral square criteria, 
I’ and I, (see Section 41). 

We consider three forms of differential equation for a closed 
third-order automatic system: 


(App? + 4p? 5-Ayp +a) -= boh (t), (42.1) 
(aop? + dp? + ap + Gy) @ = (bop? + bip +b) Y(t), (42.2) 
(ap) -t ap? + dap +a) = (bop? +b, p)y(t) , (42.3) 


where by (é) is understood either the perturbation f(t) or the input 
command y(t). Equation (42.3) corresponds to an astatic system. 
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From the cases considered (42.2) and (42.3) it is possible, if necessary, 
to obtain in particular the estimate formulae for equations with 
first-degree polynomials in the right-hand part (with b, = 0). 

Case (42.1). Let us calculate the quadratic integral criterion for 
the transient caused by a unit step of function Ņ(t) from formula 
(41.9). The determinant A will here be (41.23). In equation (42.1) 
m = 0. Therefore in formula (41.9) there will be in parentheses only 
a single term B,A,, not equal to zero, where on the basis of (41.11) 
we have: 





Ga, — ay; 0 
Ao = | dg, Qa, — Ag | = Ao 01a — Aola) +a . (42.4) 
10, —@s, ay 


As a result (41.9) gives 


b? 2 
I=% PEPER , (42.5) 
2az \ay hg — aola. 





This serves for choice of system parameters (entering into coef- 
ficients ao, &1, 42,43) from the condition of minimum magnitude 
of the integral square criterion I. 

Let us plot the criterion diagram in the Vyshnegradskii parameter 
plane A, B. From (29.9) we have 


3,— 3, —— 
a, = AV aa, = BV agai. 


Substituting this in expression (42.5), we obtain 


pa 2 4/%|B+ 42.6 


Let us find the dimensionless integral square criterion I, defined 
by formula (41.4), where in place of the quantity h we introduce 
the static deviation (41.8). Then 








I 
h= ; 42.7 
0 bin n a ( ) 
a V an 
In this case (m = 0, n = 3) from (42.6) we obtain 
1 A? 


With I, = const. this gives in the plane (A, B) the curve 
A!4+ (AB—1)(B—2I,) =0. 
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The curves of constant values of integral square criterion I, plotted 
according to this equation are given in the diagram of Fig. 186 
(from the work of A. A. Krasovskii, 1948). Broken lines show the 
curves taken from the Vyshnegradskii diagram (Fig. 169), indicating 


ani 
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the regions of monotonic (IZ, III) and oscillatory (I) responses. 
The minimum integral criterion is found from formulae (41.26), i.e. 


which gives 
AB-2=0, (AB—1)—A*=0, 


from which we find 4=1,B=2. Consequently, the minimum 
integral square estimate I, = 1-5 occurs at the point D (Fig. 186)*. 

This point, however, lies too close to the stability boundary, which 
may not provide the necessary stability reserve (Section 31). There- 
fore it is better in practice not to take the system parameters exactly 
at the point D but somewhat to the right and above. 

We now calculate for this case (42.1) the integral square criterion I’ 
for the transient caused by the unit impulse })(¢) from formula (41.13). 
The determinant A, has the form (41.23). The determinant @ for 
equation (42.1), from (41.15), will be 


bs, 0, O| 
Qo, Ag, O 
0, di, ay 


G = = bp dedy . 








* This result has significance, however, only in those cases where from (42.7) 
the quantities bo, as, ag remain constant while the selected system parameters 
enter only into the coefficients a, and a, of equation (42.1). 
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Therefore from (41.13) we find 


2 2 3 /, 
r= bode = i y= 7 B o (42.9) 
24,(@,;4,—Ap43) 2a a, AB—1 





The relative value of the integral square criterion, in distinction 
to (42.7) is taken here in the form 


I’ 
I = =-=. 42.10 
0 b n w ( ) 
ao V an 
In this case after substitution of (42.9) we have 
k B 


which with I = const corresponds in the plane (A, B) to the curves 


1 


These are the same hyperbolae as the Vyshnegradskii hyperbola 
AB = 1, denoting the boundary of stability, but shifted to the 





1 2 34 565 6 7 6 § 
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right by the distance 1/21’ (Fig. 187). Consequently there does not 
exist a minimum of this criterion with finite values of the equation 
coefficients if the selected parameters of the system enter only into 
a, and a,. The criterion decreases, i.e. becomes “better”, with 
unlimited increase of parameter A or, which is the same, the coef- 
ficient a, of the system equation (42.1). From (42.10) this conclusion 
is invalid if the selected parameters of the system enter into the 
coefficients by, a) or a, of equation (42.1). 

Case (42.2). Here m= 2. In (41.9) the determinant â in ac- 
cordance with (41.11), coincides with the determinant A, of the 
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previous case. Therefore, taking into account (41.12) we have: 


BA, = b3[4,(a,0,— Aola) + 4503] , 





Gs, G3, 9 
B,A, = (bi — 2baby) 0, a, —a| = (bj — 2bqbq) a,a5 , 
0, 0, a! 
z, Gy, My 
B,Ay = b 0, Qe; a3 = boas, 
0, ~~ Ag, 0 


and (41.9) gives the following integral square criterion for the transient 
caused by a unit step function (t): 


“2 22 2 22 k 
pei B qp CEAL (bi Dba 10a + boms _ 2bah,| . (42.12) 
2a3 | a AA, — Andy 
In dimensionless form (42.7) we obtain from this 
lfp 4 +(vi-w)At+yo 


where A and B are the Vyshnegradskii parameters (29.9) and 


8 3 
bı ay bo a 
at = !// 3. 42.14 
Yi bs o $ Yo b, a ( ) 


Let us find the point of minimum of this criterion with respect 
to the parameters A and B, Fiom formulae (41.26) and (42.13) 
by calculation it is possible to obtain two equations: 





B= Z +F(A) i (42.15) 
_2A+yi-Yo ; 
B see (42.16) 
where 
ae F 
F(A) =| / A+ri-r+i (42.17) 


The intersection of the two curves (42.15) and (42.16) in the 
plane (A, B) defines the minimum point of the integral criterion I, 
(42.13). To have an approximate idea of its position, we note that 
the difference between this criterion (42.13) and the criterion (42.8) 
for the previous case is 


0 
e e e (42.18) 
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For given y, and y, it decreases with increase of parameters A and B 
(or, which is the same, a, and a,). The point of minimum of the 
integral square estimate is thus here shifted from the previous 
point D (Fig. 186) in a direction opposite to the origin of coordinates, 
for example to the point F (with constant coefficients a), a3, ba in 
equation (42.2)). 

Finding the integral estimate (41.13) of the process with a unit- 
impulse perturbation for the same case (42.2), we see that there 
is no minimum with respect to the parameters a, and az. 

The case (42.3). For an astatic system described by equation 
(42.3), putting b, = 0, from (42.12) we obtain the integral square 
criterion (for a step) 

rat diddy + bias , 


7 (42.19) 
2a3 Bho — Andy 


In place of (42.7) the dimensionless form of the criterion I, may 
be taken for the astatic system in the form 


I 


I = =. 42.20 
0 b2, -1 TE ( ) 
a V a 
In this case (m = 2, n = 3) from (42.19) we have 
_ A+? 
I, = 3(AB—1)’ (42.21) 


where 


_ bo "as 


The integral square criterion for the impulse (41.13) will be here 


bota + bito 
y A SEO 42.23 
2ao(4,a2— Aola) ” l ) 
and in relative form (42.10) we obtain 
B+3 
We EN 42.24 
l 2(AB—1) aoe 


This criterion corresponds to the somewhat deformed hyperbola 
in Fig. 187. The criterion (42.21) for the astatic system also has 
a form analogous to a family of hyperbolae, but with decrease of I, 
they shift upwards. Consequently, there is no minimum for either 
criterion with respect to the parameters a, and 4). 

From the above calculations it is possible to conclude that in 
the given examples the integral square criterion (41.9) for the cases 
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(42.1) and (42.2) leads to definite recommendations for the choice 
of system parameters: the point D in Fig. 186 in the first case and 
the point F in the second. The point F apparently corresponds to 
a more favourable process, the point D lies too close to the oscillatory 
boundary of stability and gives a strongly oscillatory transient. 
response. 

Fiom this point of view it may be considered that a system 
structure which leads to an equation of the form (42.2) is better 
than a system described by equation (42.1) since it gives a better 
response for the same form of criterion. For a final evaluation of 
the transient quality for given numerical values of the parameters 
it is necessary to consider the transient curve plotted for these 
values by any of the methods described in Part V. 

The fact that a minimum criterion was not obtained in a number 
of cases above with respect to the parameters a, and a, does not in 
any way signify, of course, that these forms of criteria are of no use 
in the choice of specific physical parameters (k; and T;) entering 
into the coefficients of the differential equation of the system. We 
shall show this by an example. 

Example. We shall select the transfer factor of the sensitive 
element k, in the automatic pressure regulation system (considered 
in Section 23) from the minimum integral square criterion, neglecting 
the mass of the moving parts of the sensitive element (T,= 0). 

From (23.33) and (23.34) the differential equation of the system 
has the form 


(Tip +1)(Lap+1)(Lep+1)+hykele = (L.p+1)(Tep4+1)y. 
Here we have the case (42.2), where the coefficients will be 
ao = TTT, a =7,;T,+7,T.+T,T,, a2=7T,+T,+Ts, 
a = 1+ kiks, ba = T.T, , b = T+T, b =1. 


The integral estimate for a step (41.9) according to formula (42.12) 
takes the form in this case 


(42.25) 


| ee R Em 
— 2(1+ kk)? |1 + kika 
4 Ht albi — 2b) (1+ kika) + boll + kika)” oy | 
' 4 — (1 + krka) H? 
where all quantities are given except ka, which is to be selected 
from the ccndition of minimum I. 


The integral criterion (41.13) (for impulse) takes in this case 
æ more simpler form 


TF= (boaa + abi — 2aobo) (1 + kka) + aoa, 
2a(1 + kk) [aa — a(1 + yk) ] 
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Let us find the parameter k, from the condition of minimum I’. 
After certain calculations we obtain 


OL’ (1+ kika)? + 20y(1 + kika) — Ce (42.26) 
Ok, Cg(1 + kik) [010 — o(1 + ky ke)?’ i 
where 
1ı= 
bod, + (bi — 2by)’ | 
aita 
(H O t 42.27 
Oe az + do( ay on ( ) 
C3 = | 


k,[ bea, + a,(b?— 2b,) + z b? — 2b,)] 


Equating (42.26) to zero, we obtain the quadratic equation with 
respect to (1+4%,k,). Noting that only one of its solutions will be 
positive, we obtain the required value of the parameter k, in the form 


ka = pVäta-ai , (42.28) 


where ¢, and c, are calculated from formulae (42.27) in which all 
quantities are expressed by the prescribed system parameters using 
formulae (42.25). 

Choice of system parameters for minimum of the improved integral 
criterion. For comparison with the previous results we consider 
the same case, but (from considerations discussed in Section 41) 
we limit ourselves only to consideration of the transient caused 
by a unit step function y (ċ¢). 

In the case (42.1), where n = 3 and m = 0, from formula (41.20) 
it is necessary to consider in addition to the above only the de- 
terminant 
P a2, 2 

0, a3, — 
| 0, 0, a 





A, = = 00; . 





In the result formula (41.20) gives the following expression for 
the improved integral estimate: 


2 2 2 2 
1, = 2 (a+ f aan) : (42.29) 


2a3 Qil — lols | 
In dimensionless form (42.7) we have 


A+ =) 


. 1 
In =5(B+ 
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where A and B are the Vyshnegradskii parameters (29.9) and 


<=T1/2 (42.31) 
Qo 
is the dimensionless expression for the time constant of the exponen- 
tial to which we desire to approximate the transient in the given 
regulation system. 
From a comparison of the criterion obtained J, (42.30) with 
the previous I, (42.8) we have 


2A 
In = letar 


APT (42.32) 


The minimum estimate J, occurs at the point D (Fig. 186). From 
formula (42.32) it is evident that the additional term entering into 
the improved criterion I,, decreases both with increase of para- 
meter A and, particularly, with increase of parameter B. However 
simultaneously with this the fundamental component I, increases. 

As a result the minimum value of the improved estimate I,, shifts 
from the previous point D in the direction of increase of the coordi- 
nates A and B, for example, to the point E (Fig. 186). This shift 
will be the greater, the greater the prescribed value of the quantity +. 
Simultaneously the entire curve of equal criterion values shifts 
in a corresponding manner, as plotted in the diagram (Fig. 186), 
so that it now encircles not the point D but the new point Æ. 

The position of the point E for each given value of t may be found 
from formulae (41.26), written for the parameters A and B on the 
basis of expression (42.30). As a result we obtain two equations 


A*B-2A—-7=0, 
(AB—1)?— A {A +79) = 0. 
Each of them individually gives 


4B =24Ë 
PTERA (42.33) 
AB=1+ApA+?. 


Plotting two curves from these equations with the coordinate axes 
y = AB,x = A for given +, we obtain at their point of intersection 
the values of A and AB (Fig. 188a). Dividing the latter by the former, 
we find also B. The values A and B obtained are the required coordi- 
nates of the point FE (Fig. 186), where a minimum criterion Is, (42.30) 
occurs for given z. 

The position of the point FE in the diagram (Fig. 186, see also the 
Vyshnegradskii diagram Fig. 169) shows that with use of the cri- 
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terion Ix, the best response obtained is smoother than with use 
of the criterion I, In Fig. 188), c the approximate shapes of the 
transient curves for the points D and E are shown. 

As we expect, the points D and E do not coincide with the point 
of maximum degree of stability C (see Fig. 173). The points C and D 
may be considered as extreme limits between which the best response 
is located. 

The improved integral criterion of the transient quality Ixy may 
be considered more successful, considering various requirements 
(by assigning T), which may be placed on the rate of attenuation 
and the smoothness of the transient process in various real systems. 





Fic. 188 


An analogous calculation may be carried out for cases (42.2) 
and (42.3) from formula (41.21). In the case (42.2) we also obtain 
a shift of minimum integral criterion from the point E to some point K 
(Fig. 186) towards smoother processes. Here in the case of an astatic 
system the criterion Ip, takes an expression which, in contrast to I, 
(42.21) also gives a definite minimum point in the Vyshnegradskii 
parameter plane (A, B). 


43. Choice of system parameters with respect to the distribution of poles 
and zeros of the transfer function of the closed system 


The differential equation of a closed automatic system has the form 
L(p)a = S(p)f+N(p)y; 


where æ is the deviation of the regulated quantity, f is the external 
perturbation on the regulated object, y is the external command 
input to the regulator, L(p), S(p), N(p) are operational polynomials 
where the degrees of S(p) and N(p) are usually lower or at most 
equal to the degree of L(p). 

From Section 8 the transfer functions of a closed system with 
respect to the external force are denoted respectively: 


N 
Wp) = a » Wy(p)= Te : (43.1) 


Criteria of Transient Quality in Linear Systems 383 


The composition of the equations or, which is equivalent, the transfer 
functions for various closed systems is clear from Chapters V and VI. 

The roots of the denominator L(p) of the transfer function are 
termed the poles of the transfer function while the roots of the 
numerator S(p) or N(p) are the zeros of the transfer function. Both 
together are termed the singular points of the transfer function. 

In Chapter IX we presented methods for selecting the system 
parameters from the distribution of roots of the characteristic 
equations L(z)= 0, i.e. the poles of the transfer function of the 
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closed system. But, as already mentioned previously in Section 36, 
the quality of the transient resulting from a change in the force f 
or y is not only defined by the denominator L(p) but the entire 
transfer function W,(p) or W,(p) respectively. Therefore a more 
complete judgment of the transient quality may be obtained from 
an analysis of the relative positions of the poles and zeros of the 
transfer function of the closed system. 

Here we shall consider certain recommendations for the most 
expedient distribution of the poles and zeros and on this basis 
a method for choosing the system parameters. From this it is possible 
to obtain also certain recommendations useful for solving problems 
by the methods of Chapter IX. 

On the distribution of poles and zeros of the transfer function. The 
recommendations presented here were given by S. P. Strelkov in 
his work on the theory of linear amplifiers *. 

Let us denote the poles of the transfer function of the closed 
system in the complex plane p by crosses and the zeros by circles 
(for example, Fig. 189a). 

In the work by Strelkov an approximate formula is derived for 
determining the amplitude C; and the phase 8; of any of the com- 
ponents 

Cie at sin (ot + 8;) 


* «Avtomatika i telemekhanika’, No. 3, 1948. 


384 The Dynamics of Automatic Control Systems 


in the solution of the differential equation describing the transient 
in the system with unit step of function f or y. It is written in complex 
form 





ari r 
2 T| Rol] Bee 
Ope = — 2 W0), (43.2) 
[] Bo | [ Bai 
sm1 q=1 


where in place of W,(0) may be put W,(0) in accordance with formu- 
lae (43.1), depending on whether the transient is caused by a step 
of function f or y. In formula (43.2) n and m denote the degrees 
of the denominator and numerator of the transient function of the 
closed system (43.1), Rg is a vector plotted in the complex plane p 
from the qth pole to the origin of coordinates (Fig. 189b), Ryu from 
the qth pole to the ith pole (in Fig. 1895 the ith pole, for which 
the amplitude and phase of the solution are defined, is taken as 
pole 1), Reo is plotted from the sth zero to the origin of coordinates, 
Ra from the sth zero to the ith pole. The symbol II denotes the 
product. The product with respect to index q is conventionally 
written in the limits from 1 to n—1; but this should be understood 
such that the vector Ry, enters into the numerator of expression 
(43.2) while only the vector R; is absent (from the ith pole itself 
to the origin of coordinates, see Fig. 1895); in the numerator of 
expression (43.2) the vector R; is naturally absent, but the vector Ry, 
is included. 

From formula (43.2) it follows that to reduce the amplitude of 
the ith component in the solution of the transient response equation 
it is necessary to consider how to distribute the poles and zeros 
of the function of the closed system so that the vectors plotted in 
Fig. 189b by full lines increase while the vectors plotted in broken 
line decrease. But, as is evident from (43.2), here it is not so much 
the magnitudes of the vectors which is important as their ratios. 
At the same time it is necessary to bear in mind that the poles cannot 
be brought too close to the imaginary axis since their distance from 
the imaginary axis (i.e. the real part) defines the rate of attenuation 
of the transient—the degree of stability of the system. 

For example, for the distribution of poles and zeros shown in 
Fig. 189a, with W,(0) = 1, we obtain the amplitudes of the individual 
components of the transient curve: 


C,= 21-6; C,=140; C= 194. 
Let us shift the poles, not changing the distances of the closest 


poles to the imaginary axis, in the following manner: the pole 1 
from the point (— 60, i15) to the point (— 60, 125); the pole 3 from 
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the point (— 75,710) to the point (— 75,7125); the pole 5 from the 
point (—80,20) to the point (—90,70) and correspondingly the 
conjugate poles 2 and 4. We also shift the zero 1 from the point 
(— 55, 425) to the point (— 65, i30) and the conjugate zero 2. Now 
the amplitudes strongly decrease: 


C,=35; 0,=62; O,=116. 


A still greater difference is obtained if the poles remain in the 
same positions as is shown in Fig. 189b and only the zero 1 is shifted, 
from the point (— 55, 125) to the point (— 35, i15), and the conjugate 
zero 2. The amplitudes here strongly increase 


C, = 123, Ca = 524, C; = 920. 


These examples assume in all three cases W,(0) = 1. But it is 
also necessary to take into account, firstly, that from (43.1) Wy,(0) 
is the ratio of constant terms of the operational polynomials S(p) 
and L(p) which also may vary with shift of poles and zeros. Secondly, 
from (20.11) the poles and zeros cannot change independently of 
each other. 

In these examples the influence of the mutual positions of the 
poles and zeros of the transfer function of a closed system on the 
magnitude of deviation of the regulated quantity during the transient 
is very clearly seen. The intensity of damping of the transient is 
defined, as before, by the real parts of the poles, i.e. by the roots 
of the characteristic equation. 

In this connection we note that it is exactly the mutual positions 
of poles and zeros of the transfer function, or in other words, the 
values of the coefficients of the operational polynomials in the left 
and right-hand sides of the differential equation of the system which 
define the initial conditions of the transient process (6.23) and, conse- 
quently, the arbitrary constants of the solution describing this 
process, which corresponds to the magnitude of deviation of the 
regulated quantity during the transient. 

Varying the distribution of poles and zeros, taking into account 
formulae (20.11) in the interests of the quality of the transient 
response it is simultaneously necessary to verify, as always, the 
static and stationary dynamic errors of the system. 

As a result of his analysis S. P. Strelkov makes the following 
recommendations: 

(a) it is desirable to locate the zeros close to the region of pole 
distribution; zeros remote from the pole region lead to increase in 
amplitude of the oscillations in the transient responses; 

(b) to decrease the deviations during the transient it is frequently 
expedient to separate the poles from each other while to increase 
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the rate of damping of the transient, to remove them further from 
the imaginary axis; 

(c) approach to each other for those poles remote from the im- 
aginary axis presents little danger. 

More concrete recommendations for each particular case of system 
may be obtained on the basis of applying formulae (43.2) and graphs 
similar to the graph of Fig. 189), plotted for the given concrete 
system. 

Choice of system parameters from the distribution of poles and 
zeros. Here we shall consider a numerical method. According to the 
general idea it is completely analogous to the numerical method 
for choosing the system parameters from the root distribution of 
the characteristic equation described in Section 40. 

As was done there we shall not start from a preassigned pattern 
of pole and zero distribution of the transfer function of the closed 
system but we shall set the aim of achieving the most favourable. 
(for example from the point of view of the above recommendations) 
distribution among those which may actually occur in the automatic 
regulation system under consideration in various alternative 
structures and in possible ranges of variation of the selected para- 
meters of the regulator. These ranges may be considered given 
from design considerations and from the requirements of sufficiently 
small static and stationary dynamic errors. 

Let us consider first the simplest type of structure, writing its 
differential equation according to the rules of Chapter VI with 
perturbation (or command) force in the right-hand side and cor- 
respondingly the transfer function of the closed system (43.1). Here 
the coefficients of the operational polynomials Z(p) and S(p) (or N(p)) 
will consist of prescribed numbers and.one or two selected para- 
meters of the regulator (for example, ky and kj, as in Sec- 
tion 40). 

Assigning a certain average value of k; and several values of ky, 
for each of them we find by the simple numerical method (Section 39) 
all the roots of the polynomials L(p) and S(p). The former will be 
the poles and the latter the zeros of the transfer function. We shall 
thus find the variation of pole and zero distribution with variation 
of the parameter k, (along some straight line AB inside the stability 
region, Fig. 182). 

Choosing the value ką for which the best pole and zero distribution 
is obtained (for example, from the above recommendations), we 
fix this value but vary the second parameter k;. Taking several 
numerical values in succession, for each of them we find all the 
poles and zeros in the same way. As a result the variation of pole 
and zero distribution of the transfer function along some straight 
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line DE (Fig. 182) will be found, which permits determining the 
optimum point F with the best distribution. 

Here it is again necessary to take care that this point satisfies 
also the requirements of static precision and other require- 
ments and that it not be too close to the boundary of stability 
since, as always (Section 31), it is necessary to have some stability 
reserve. 

If we do not succeed in these calculations in obtaining a satis- 
factory distribution of poles and zeros of the transient function of 
the closed, system, we change its structure; for example, in addition 
to the previous we introduce kp or k;, as in Section 40. Then, taking 
the previous values of k, and k;, we construct the transfer function 
in which the coefficients of the polynomials Z(p) and S(p) include 
in algebraic form only the new parameter of the regulator kp (or ky). 
Calculating all the poles and zeros of the transfer function for several 
values of kp, we find its optimum value. 

This numerical method of choosing the system parameters, al- 
though at first glance too laborious in the amount of calculation, 
in many cases may prove less cumbersome with regard to calculation 
and rapid approach to the goal then the previous methods discussed 
in Sections 38-42. The main thing is that it apparently may be 
fairly effective in the sense of its flexibility and possibilities of 
“wringing out” of the given structure the best result in an arbitrary 
given most important part of its stability region. 

This numerical method may employ various criteria of optimal 
pole and zero distribution of the transfer function of the closed 
system. One of them, following from the work of S. P. Strelkov, 
was discussed above. It is however necessary further to improve 
these criteria so that they would fully reflect the dynamic properties 
of the system not only in the transient process but in the presence 
of various perturbation and input forces in various classes of systems 
as well as the static properties (some considerations in this regard 
are given in the work of S. P. Strelkov). 

After the above-described choice of system parameters it is easily 
possible to plot the transient curve (see Part V) both for the optimum 
point found in the calculation and for several others. 

We remark that for a definite class of servomechanisms there 
exists the so-called method of standard coefficients. Its essence 
consists in that for definite combinations of coefficients in the 
numerator and denominator of the transfer function of the closed 
system of a given order transient curves are plotted in advance 
and those standard combinations of the coefficients are proposed 
which give the best result. Here the system parameters are to 
be chosen to provide the recommended values of the coefficients. 


26 
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However, this standardisation is only possible for a narrow class 
of systems since, as discussed in Section 40, the given dynamic 
properties of the regulated object and various special requirements on 
the regulator and the system as a whole make it impossible to obtain 
rigorously prescribed relations for all the coefficients of the -equation 
(or transfer function) and the concept of quality of regulation itself 
is different for different systems. The above-described numerical 
method permits taking into detailed account the specific properties 
of each concrete automatic system. 


44, Approximate frequency criteria of transient quality 


In those cases where the system is studied from the very beginning 
by frequency methods, i. the frequency stability criterion is 
applied (Section 30), the analysis of the transient quality is naturally 


Ty =Å, sintwl+f,) í T, =Ay Sin(ust + py) T, Ay Sita + By) 
b) (c) 





Fig. 190 


also carried out from the frequency characteristics. In particular, 
this is absolutcly necessary where we do not have equations (or, 
which is equivalent, transfer function expressions) for all the circuits 
of the system but some of the elements are described by experi- 
mentally recorded frequency characteristics. 

Let us consider approximate transient quality criteria according 
to the frequency characteristics of the closed system. 

Frequency characteristics of a closed system. The general concept 
of frequency characteristics of linear systems was given in Section 8. 
In the present case the frequency characteristics will define the 
properties of a closed automatic system in steady-state forced oscil- 
lations under the action either of a sinusoidal perturbation on the 
regulated object (Fig. 190a) or a sinusoidal variation of the command 
quantity on the regulator (Fig. 190b). 

In the first case the amplitude A, and the phase ß; of forced 
oscillations of the regulated quantity are defined as the modulus 
and argument of the amplitude-phase frequency characteristic of 
the closed system with respect to the perturbation: 


Aye = Wilio), (44.1) 
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and in the second case by the amplitude-phase frequency character- 
istic of the closed system with respect to the command quantity 


A,ev = Wylio). (44.2) 


If the differential equation is known, and thus the corresponding 
transfer functions of the closed system (43.1), the amplitude-phase 
characteristics (44.1) and (44.2) are defined from Section 8 by simple 
substitution of p = tw in the expressions of the corresponding transfer 
functions, i.e. 

S (ia) 
L(iw)’ 


N (iw) 


Wilio) = Lita) ° 


W, (to) = 





(44.3) 


Separating in these expressions the real and imaginary parts, 
i.e. writing 


Wilio) = Ula) + iVa), Wylio) = Usla) + iVa), (44.4) 


we obtain the so-called real U(w) and imaginary V (w) frequency 
characteristics of the closed system. 

If the equation of the closed system is unknown because some 
of its elements are given by experimentally recorded frequency 
characteristics, then by the methods described in Sections 20 and 21 
we first determine the amplitude-phase characteristic of the cor- 
responding open network W (iw), which was used for studying the 
stability of the closed system, and then we obtain the amplitude- 
phase characteristics of the closed system W,(iw) and W,(tw). 

We shall consider that the amplitude-phase characteristic W (tw) 
for the open network of the given system is known (for example, 
from the study of system stability). Then from (20.15) or (20.27) 
the amplitude-phase characteristic of the closed system with respect 
to perturbation will be 


7 Wi (ta) 
W(t) = IF Wie) , (44.5) 
where 
Wi(tw) = oe , (44.6) 


and S,(tw) and Q,(tw) are given by substitution of p = tœ in the 
polynomials S,(p) and Q,(p) in the equation of the regulated object 


Qp) = Ry(p)am+ Si(p)f - (44.7) 


Formula (44.5) gives the amplitude and phase of forced oscillations 
of the regulated quantity m. 

The amplitude-phase characteristic of the closed system with 
respect to the command input for the regulated quantity 2,, from 
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(20.28), will be 
: W (ia) 
Wie) = Gayl + We) ae 
where W,(iw) is the amplitude-phase characteristic of the block 
of circuits 2 (Fig. 190c) between the point of measurement of the 
regulated quantity 2, and the point of introduction of the input 
command y. For the regulation system block 2 usually represents 
the sensitive element of the regulator and for a servomechanism the 
basic feedback (see Fig. 3). Sometimes W,(iw) = 1. 

Formula (44.8) defines the amplitude and phase of forced oscil- 
lations of the regulated quantity 2,. For the error x (Fig. 1900) 
from (20.26) we have 





. 1 
Wi(iw) = IWG)’ (44.9) 
while for the quantity s, (Fig. 190c) from (22.29) 
Te) W (iw) 
2 = oe a 
Wr (iw) = i+ Wie): (44.10) 


Consequently, a knowledge of the amplitude-phase characteristic 
of the open network W (iw) with small additions in the form W/{(iw) 
and W,(tw) is sufficient to obtain the amplitude-phase characteristic 
of the closed system purely by calculations from the above formulae. 
We note that for cases (44.9) and (44.10) there are special Solo- 
dovnikov circle diagrams simplifying the calculations (Reference 11). 
These diagrams may be used also for the cases (44.5) and (44.8) 
with subsequent multiplication by Wi(iw) and division by W2(iw) 
respectively. 

These formulae are valid for systems of arbitrary structure with 
one regulated quantity. A more complicated case is considered at 
the end of Section 21. 

We note that the amplitude-phase characteristics of the closed 
system are used directly to estimate the stationary errors of the 
automatic system in steady-state following and regulation both 
with oscillatory and arbitrary input functions *. 

Example. We shall illustrate obtaining the frequency character- 
istics of the closed system by the example of the voltage regulation 
system considered in Section 24. The equations of the closed system 
according to (24.10), (24.20), (24.28) and (24.36) are: 


(Tip +1)AV = —k,Ar— (bop £)f, 
(Tap +1) AI, = k,(AV—TepAc) , (44.11) 
(Tip? + Tap +1)Aa =kAI,, Ar = ka, 


* See end of Section 11. 
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where all coefficients were defined in Section 24. The perturbation 
from (24.12) is defined by variation of the load current and angular 
velocity. The regulator adjustment is assumed constant. 
On the basis of these equations, from Section 20 and 21, we obtain 
the amplitude-phase characteristic of the open network: 
kıkzksk; 


Weal = — : i a Hii. 
to) = jo d1)i(Tyio tD Tu? + Dio 1) khia] (4412) 





while from formula (44.5) the amplitude-phase characteristic of 
the closed system with respect to the perturbation 


biw +b 1 


Wie) Tio+i 14+ Wia)’ 





(44.13) 


This expression gives the amplitude and phase of the forced voltage 
oscillations AU with input in the form of sinusoidal load current 
variation AZ, and the angular velocity n with AI, and the angular 
velocity n. To obtain the amplitude-phase characteristics of the 
same closed system with respect to the command W,(iw), it is neces- 
sary to consider the load J; and the angular velocity n constant, 
ie. f = 0, but in constant, ie. f = 0, but in place of this to vary 
the regulator adjustment by the rheostat R, (Fig. 119), i.e. to in- 
troduce the variable command AR,(t). 

The quantity R, enters into the equation of the electromagnet 
circuit of the sensitive element (24.18). Considering that it is multi- 
plied by the variable I,, i.e. enters in a non-linear manner, equation 
(24.18) is subject to linearisation. Denoting the left-hand side of 
this equation by F, we obtain 


aF \o o oF 0 
aR. = Ts, (Fr) = =R,+R, G- Lz. 


Therefore on the basis of the general formula for linearisation 
(18.5) we obtain in place of (24.18) the following electromagnet: 
circuit equation 


(Tap +1) Al, = kà AV — r2pAa)— koy , 





where T, and k, are defined by the previous formulae (24.21), in 

which it is necessary to substitute R, in place of R,. In addition, 
we have 

2 

Mo 


R,+R°’ y = AR, = R,(t)— Ra, 
2 a 


where Fs denotes the quantity 2, in the steady-state with constant 
regulator adjustment. 
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Now in place of (44.11) the system equations with f=0 and 
y =y(t) will have the form: 
(Typ +1) AV = —k,Ar, 
(Tap +1) AI, = h,(AV—TopAa)— kiy , (44.14) 
(Tip? + Tap +1)Aa =hAI,, Ar = kia. 
As a result the amplitude-phase characteristic of the closed system 
with respect to command will be 
ka W(iw) 
ka 1+ W(iw)’ 
where W(iw) is the amplitude-phase characteristic of the open 
network (44.12). The expression W,({iw) gives the amplitude and 


phase for forced voltage oscillations AV with input in the form of 
sinusoidal variation of the adjustment rheostat resistance AR,. 


W, (ta) = 


(a) ty b) i4 


Yi) 3 
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The real frequency characteristic and its relation to the transient. 
Obtaining the amplitude-phase characteristic of the closed system 
W,(iw) or W,(iw), we find the corresponding real frequency charac- 
teristic U,(w) or U,(w) as the real part of expression (44.4) or as 
a function of U with respect to œw (Fig. 191b), defined from the graph 
of the amplitude-phase characteristic of the closed system (Fig. 191a) 
or analytically from (44.4). 

We shall indicate the relation of the frequency characteristics 
of the system to the transient curve arising from a unit step of per- 
turbation f(é). 

We employ the expression for the Fourier series (8.19), applying 
it to expansion of the rectangular periodic function f(t) (Fig. 192a). 
In the present case we have 


f()=1 with o<t<™ and f()=0 with Z<t<2, 
Wo Wo 


Wo 
Therefore after integration formula (8.20) gives 
2 


% = a, =90, be = 


3! 
= 


(k =1,3,5,...). 
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Substituting this in (8.19), we obtain the required expression 


@ 
f(t) = s+), 2 sinkut (44.15) 
kel 
E= a Ba): 


The step function f(t) = 1(t) may be obtained from the rectangular 
periodic function if we let T, = 2x/a,—oo (Fig. 192b). Here w,—>0. 
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We put Aw = w, o = kwp = kAw and, consequently, k = w/Aw. 
Then expression (44.15) is rewritten in the form 


œ . 
1 2Aqsin wt 


1 
(Q=5+ ) ma (so=2s3, 5, a)i 
— m? 


Aw 


As Aw—>0 this sum passes into the integral. As a result in place 
of the Fourier series for the periodic function (44.15) we obtain 
the Fourier integral for the non-periodic function 





LJ 
ies] if anat g. (44.16) 
2 Ta (5) 
It is possible similarly to obtain the Fourier integral for any arbitrary 
non-periodic function f(t). 
This integral may be represented as an infinite sum of elementary 
input oscillations 


dw. 
— SIn ot . 
Tw 


From Section 8 each of these will correspond to an output oscillation 
in the form 


“© 4(o)sin{ot +8 (a)] 
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As a result the overall response at the output of the system with 
input perturbation in the form of a unit step (44.16) will be 


a(t) = with t>0. (44.17) 





awo n f Aasna + BCI, 


@ 


Further we have 
A(o)sin[wt + 6(w)] = A(@)cosB(o)sin wt + A(w)sinB(w) cos wt . 


This last expression according to Fig. 15 may be written in the 
form 


U(w) sin wt + V (a) cos wt , 


where A(0) = U(0). 
Formula (44.17) now takes the form 


Vlo) 


a(t) = sin atdw += 2 f cosutdw (t> 0). 


AUM 1 A f Ue Ula) 

For further transformation of this expression we employ the fact 
that with ¢ < 0 the quantity x will be equal to zero (the deviation x 
isread from the old steady-state), i.e. 


uo) 


=- 


+2 f U9) inatdo++ | ore scapes (<0). 
kJ o mJ © 


Substituting here t by —t and subtracting from the above, we 
obtain finally 





ie. the curve of the transient process in the system a(t) is defined 
by the real frequency characteristic of the closed system U(o). 
We thus have 


a(t) = $ Ks) sinatde , (44.18) 


if the transient arises as a result of a unit step of perturbation / 
(load), and 


a(t) =2 | AHO) gin otde (44.19) 


0 


for a unit step of the command y (adjustment). Here æ is read from 
the old steady-state existing before the step. 
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If the transient in the system is caused by a unit impulse in f 
or y, it is possible to employ the fact, according to Section 6, that 
the unit impulse is the time derivative of the unit step. Therefore 
the Fourier integral for the unit impulse is obtained by differentiating 
expression (44.16) with respect to t, namely 


V(t) = l f cosotdo : 
T 0 


Consequently, formula (44.17) takes the form 
x(t) -1 | A(w)cosfat+B(o)]Jdo with t>0. 
0 
From this it is evident that the final result for the transient curve 
with external perturbation on the system in the form of a unit 
impulse in f and y may also be obtained by differentiating formulae 
(44.18) and (44.19) with respect to ¢, which gives 


co œ 
a(t) = | U;(w)cosatdw, x(t) =" f U,(w)cosatdw. (44.20) 
0 0 
respectively. 

On the basis of these formulae it is possible to judge the transient 
quality in this system according to the real parts of the char- 
acteristics of the closed system U;(m) or U,(w) (considered in 
the present section), and to plot the transient curve (see Section 75). 

Approximate criteria of transient quality. Here we present V. V. So- 
lodovnikov’s recommendations (Reference 11) for approximate cri- 
teria of transient quality from the form of the real frequency char- 
acteristic of a closed system, based on an analysis of the properties 
of integral (44.19), but not requiring its calculation. It is assumed 
that the transient is caused by a unit step* of the input command y. 

The frequency interval 0 < w < a, (Fig. 191b) in which U,(w) > 0, 
is termed the positive interval. The interval of frequencies 0 < w < w 
is termed the interval of essential frequencies if at w = w, and further 
with w > w the quantity |U,(w)| becomes and remains smaller 
than some given sufficiently small positive quantity 5. The influence 
of the remaining part of the real frequency characteristic (with 
© > oe) on the transient quality may be neglected. If with w > w, 
it is found that |U,(o)| < 0:2U,(0), then as the criterion of transient 
quality in the first approximation it is possible to take into con- 
sideration only the positive interval 0 < œ < wp. 


* Everywhere below we shall consider the unit step in y, but the same will 
be valid for f if we interchange U,(w) and U;(w). 
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We note that dropping the “tail” of the real frequency charac- 
teristic (w > @, OF œ> wp) mainly influences the initial portion 
of the transient process which, consequently, will be estimated 
more roughly. The origin of the real frequency characteristic mainly 
defines the terminal part of the transient process. 

On the basis of an analysis of integral (44.19) V. V. Solodovnikov 
has given the following criterion of the transient quality. 

1. The static deviation 2 of the regulated quantity obtained as 
a result of a unit step in external input is equal to the initial value 
of the real frequency characteristic U(0). If we are concerned with 





Fie. 103 


a step of the input command, U,(0) should be equal as closely as 
possible either to 1, or to some k,, if the system should reproduce 
the input command to a certain scale ka (for example, Section 26). 
If the step introduced is in the perturbation f, the value U;(0) should 
be as small as possible, where in an astatic system U,(0) = 0. 

2. For the overshoot %max—2° (curve 1 in Fig. 193a) not to ex- 
ceed 18 per cent of the static deviation 2°, it is sufficient to have 
a positive non-increasing continuous characteristic U,(w) (curve 1 
in Fig. 193b). 

3. For a monotonic transient x(t) (curve 2 in Fig. 193a) it is suf- 
ficient that the derivative dU,/dw be a negative continuous function 
of w decreasing in modulus (curve 2 in Fig. 193b) with U,(00o) = 0. 

4. The simplest criterion of non-monotonic transient is the presence 
of values U,(w) > U,(0) (curve 3 in Fig. 193b). The transient will 
also be non-monotonic when the curve U,(w) for some w passes 
above the stepwise curve G(w) (Fig. 193c), where 





G(a@) = cos 
(œ) aJa 
Q@ 


and |< denotes the next higher integral values; for example, if 


w,/o = 1-25 we take [>] =2. 
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5. In the case where the real frequency characteristic U,(«) 
has the shape of Fig. 3 (Fig. 193b), which may be represented by the 
difference of two positive non-increasing continuous functions, the 
overshoot @max—# (Fig. 193a) will be less than 1:18Umar— U,(0). 

6. For monotonic processes x(t) the damping time ż¿ to the value 
x = 5 per cent of the static deviation 2° will be greater than 4r/op. 


(a) 





wy 
0 Ws 4, WO! G2 Q4 0608 YO Q204 060810 Wp 
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In the general case ¢,> x/w, In general, with other conditions 
equal, the transient attenuates the more rapidly, the greater wp 
i.e. the more drawn out is the region of positiveness of the real 
frequency characteristic U,(w) along the w-axis. 

7. If a given real frequency characteristic U,(w) may be approxi- 
mately replaced by trapezoids (Fig. 194a), depending upon the 
ratio of lengths of the bases wa and wp of the trapezoids the magnitude 
of overshoot in per cent and the transient damping time in relative 
form wp may be approximately estimated by graphs given in 
Fig. 194b and 194c, where the value of t, is included in the interval 


8. If the given frequency characteristic U (o) may be approxi- 
mately replaced by a polygon, shown in Fig. 195a, where 


the dependence of the maximum possible overshoot (in per cent) 
on the magnitude of the ratio Umax/U,(0) is defined by the curve in 
Fig. 195b. To a given upper bound of permissible values of transient 
damping time ¢, there corresponds a lower permissible bound on the 
magnitude of the positive interval wpmin, defined by the curve in 
Fig. 1950. 

On the basis of the above simple criteria it is possible to estimatie 
roughly the quality of the transient response of a closed automatic 
system from the form of its real frequency characteristic U,(w) 
and also from U;,(w). 

Following V. V. Solodovnikov, we present for illustration a number 
of transient curves w(t), v(t), z(t), x(t) (Fig. 196b), which cor- 
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respond to the real frequency characteristics of the closed system 
Uwo), Uw), Uso), Uaw), represented in Fig. 196a. The best 
transient m(t) corresponds to the characteristic U,(«) while the 
poorest 2,(¢) to the characteristic U,(w), having the greatest peaks. 


(a) (b) 


Urar 





(Ol 12 13 
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Calculating the integral criterion of transient quality. For the 
choice of system parameters with respect to the minimum integral 
criteria of transient quality described in Sections 41 and 42 it is 
also possible to employ given frequency characteristics of the system 
(for example, in those cases where the equations of some circuits 
of the system are not known). The formulae for calculating the 
integral criteria are also derived from relation (44.17). 
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As a result for the integral square criterion (41.3) the formula 
is obtained 


7 171 
I= | wat =~ | S[A/o)}de , (44.21) 


while for the improved integral criterion (41.16) we have 


e a 


I, = | (a + Ti?) dt -1 J (i+ r») [Aj(w)Pdw, (44.22) 
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where A;(w) is the amplitude-frequency characteristic (resonance 
curve) of the closed system 


AKo) = |Wy(ta)| . 


In formulae (44.21) and (44.22) A (w) may figure in place of A;(w). 

The integral in both cases should be calculated graphically as 
the area bounded by the curve represented by the integrand as 
a function of w. Calculating the value I or I; for several numerical 
values of the selected system parameter, we find its optimum value 
corresponding to the minimum integral criterion. It is necessary 
to proceed similarly with the other selected system parameters. 

Synthesis of correcting elements by frequency methods. This 
problem has recently been widely developed and applied due to 
the work of V. V. Solodovnikov and other scientists. Corrective 
networks are classed as series (connected in the basic network of 
elements with introduction of derivatives and integrals) and parallel 
(stiff and transient feedback). The synthesis (choice) of series cor- 
rective network consists in the following. The system is separated 
as in Section 34 into two blocks (Fig. 155), one of which (JZ) is the 
given part of the system while the second (II) the corrective network 
to be chosen. From the desired qualities of the system a real frequency 
characteristic of the overall system is chosen to be realised. The 
corresponding logarithmic frequency characteristic of the open 
system is calculated. From this latter the existing logarithmic fre- 
quency characteristic of the given portion of the system J is sub- 
tracted. The result is the logarithmic frequency characteristic of 
the required correcting system, which is designed from it. For a system 
so designed the new real frequency characteristic of the closed 
system is calculated and from it the transient response plotted 
(see Section 75), which verifies the quality of the entire calculation. 
In the case of synthesis of parallel correcting networks the calcula- 
tions are somewhat more complicated. 

In conclusion we note that choice of structure and optimal para- 
meters of an automatic regulation system may be considered in 
certain respects as a problem analogous to the mathematical problem 
of the approximation of functions. This analogy has been systemati- 
cally carried out in the work of V. A. Bodner (Reference 51), where 
applications of methods of interpolation, series expansion and 
successive approximations to the choice of optimum automatic 
regulation system parameters have been considered. All these methods 
are closely related to the integral criteria, various criteria based 
on the transfer functions, frequency characteristics, etc. 


CHAPTER XI 


DERIVATION OF THE EQUATIONS OF SYSTEMS 
WITH DELAY AND WITH DISTRIBUTED 
PARAMETERS 


45. Equations and frequency characteristics of linear systems with delay 


Automatic systems which, having the same general structure as 
ordinary linear systems (Part II), differ from the latter in that one 
(or several) of their elements have the start of variation of the output 
quantity delayed (with respect to the start of input variation) by 
the magnitude +t, termed the time delay, are called linear systems 
with delay, where the delay time remains constant during the entire 
course of the process. 

For example, if the ordinary linear element is described by the 
equation 


T — +a, = ka, (45.1) 
{aperiodic element), the equation of the corresponding linear element. 
with delay will have the form 


dz, (t) 


Ta 





+a,(t) = ka,(t—) (45.2) 


(aperiodic element with delay). This form of equation is termed 

equation with delayed argument or differential-difference equation. 
Let us put a2j(t) = 2,(t—7). Then equation (45.2) is written in 

ordinary form 

dx, 


ary 


+a, = kat. (45.3) 
Thus, if the input quantity s, changes discontinuously from zero 
to unity (Fig. 197a) the variation of the quantity vf = 2,(t—t) 
in the right-side of the equation is represented graphically by Fig. 1976 
(step + seconds later). Employing now the time characteristic of the 
ordinary aperiodic element (Fig. 95c) in application to equation (45.3), 
we obtain the change of output quantity 2, in the form of the graph 
in Fig. 197c. This will be the time characteristic of the aperiodic 


27 403 
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element with delay (its aperiodic “inertial” property is defined by 
the time constant T and the delay by the quantity 7). 

Linear element with delay. In the general case, as in (45.2), the 
equation of motion of an arbitrary linear element with delay may 
be separated into two equations 


Q(p) a, = Ripi , | 
at(t)==a,(t—t), | (45.4) 





Fig. 197 


which corresponds to the formal separation of the linear element 
with delay (Fig. 198a) into two elements: the ordinary linear element 
of the same order and with the same coefficients and a preceding 
delay element (Fig. 198d). 


(a) 
T Linear T, 
circuit 
with delay 
(b) 
” z 
Tı Delay T; Ordinary T: 

element lineer 

circuit 
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The time characteristic of an arbitrary element with delay will 
thus be the same as for the corresponding ordinary circuit (Scction 18) 
shifted in time to the right by a quantity t. An example of a “pure” 
delay + is an acoustic coupling line (propagation time of sound). 
Other examples may be automatic dosing systems for some material, 
moved by a transport belt (r is the time of motion of the belt from 
over a defined section). In electronic instruments t may denote 
the electron transit time. 
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In the first approximation a pipe line or long electric line entering 
into the system may be defined by the delay magnitude + (for details 
see Section 46). 

In addition, there may be in a real system a series of deviations 
from idealness which are difficult to describe mathematically and 
are therefore sometimes approximately considered by introduction 
into the equation of an appropriate delay magnitude + (in reality 
their influence, of course, cannot correspond strictly to a constant 
magnitude +t). However it is necessary to bear in mind that each 
sharply expressed non-ideal characteristic in the form of dry friction 
or in the form of an insensitive zone, backlash, ete. should be con- 
sidered as a non-linearity and not as a pure delay (see Part IV). 
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The magnitude of delay + in the system may be found experi- 
mentally by recording the time characteristics. For example, if in 
applying to the input of the circuit a step of a certain magnitude, 
taken as unity, the experimental curve is obtained for 2, at the 
output shown in Fig. 199b, it may be approximately described as 
an aperiodic element with delay (45.2), taking the magnitudes + 
T and k from the experimental curve (Fig. 199b). 

We also remark that such an experimental curve, from the graph 
in Fig. 199c, may be treated as a time characteristic of an ordinary 
aperiodic second-order element with the equation ° 


(Tip +T,p+1)a,=ke, (T,> 27), (45.5) 


where 7,, Ta and k may be calculated by relations described in 
Section 19 for the given element, from certain measurements on the 
experimental curve (Fig. 199c), or by other methods. 

Thus, from the point of view of the time characteristic of a real 
element, approximately described by a first-order equation with 
delayed argument (45.2), it may frequently be described to the 
same degree of approximation by an ordinary second-order differ- 
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ential equation * (45.5). To solve the question which of these equations 
better suits the given real element, it is possible to compare their 
amplitude-phase characteristics with the experimentally recorded 
amplitude-phase characteristic of the element, expressing its dy- 
namic properties with forced oscillations. Plotting of the amplitude- 
phase characteristics of elements with delay will be discussed below. 
For unified notation of the equations we represent the second 
of relations (45.4) for the delay element in operational form. Ex- 
panding the right-hand side in a Taylor series, we obtain 


“(t—t) = v(t) + = gh (=2)+ AD 





=T +... + —- 
or in the previous symbolic operational notation 


ss ent Jape 








+ +... | By =: EPR, . 


%(t—t) = | 
Consequently, the equation of an arbitrary linear element with 

delay (45.4) will now be written in the form 
Q(p)t = R(p)e2, . (45.6) 


The transfer function and amplitude-phase frequency charac- 
teristic of the linear element with delay will be respectively 











BP) en — 2 
= Q(p ) er = W (pe p ’ (45.7) 
W (iw) = Zee “i =: Wolter) e , (45.8) 


where by W,(p) and W,(iw) are denoted the transfer function and 
amplitude-phase characteristic of the corresponding ordinary linear 
element without delay. Writing characteristic (45.8) in complex 
lorm (8.15), we obtain for the element with delay : 


W (iw) = Alw) o-oo) , (45.9) 


where A (w) and 6,(w) are the amplitude and phase for the cor- 
responding ordinary linear element. From this we obtain the fol- 
lowing rule. 

To plot the amplitude-phase characteristic of an arbitrary linear 
element with delay it is necessary to take the characteristic of the 
corresponding ordinary linear element and shift each of its points 


* If it is possible to get along with ordinary differential equations it is preferable 
since the methods of their investigation are in general simpler and substantially 
better developed, although, as will be shown in Section 70, the graphie plotting 
of the transient curve for equation (45.2) is simpler than for (45.5). 
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clockwise over a circle by the angle tw, where w is the value of the 
frequency at the given point of the characteristic (Fig. 200a). Since 
at the origin the characteristic w = 0 while at the end w = a, the 
initial point remains without change while the end of the charac- 
teristic is coiled up about the origin of coordinates (if the degree 
of the polynomial R is less than the polynomial Q). 


fb) iy 





Fic. 200 


Above it was mentioned that the real transient processes (time 
characteristics) of the form in Fig. 199b may frequently be described 
with the same degree of approximation by either equation (45.2) 
or (45.5). The amplitude-phase characteristics for equations (45.2) 
and (45.5) are shown in Fig. 200a and b respectively. The principal 
difference of the first curve is that it has a point D of intersection 
with the U-axis. In comparing both characteristics with each other 
and with the experimental amplitude-phase characteristic of the 
real element it is necessary to take into consideration not only the 
shape of the curve but the character of distribution of the frequencies 
along the curve. 

Linear system with delay. Let any of the single-loop or multi- 
loop automatic systems considered in Sections 20 and 21, contain 
among its elements one circuit with delay. Then the equation of 
this element has the form (45.6). If there are several such elements, 
they may have various delay values (t,, Tz, ...). All general formulae 
introduced in Sections 20 and 21 for the equations and amplitude- 
phase characteristics of open networks and closed systems remain 
in all cases in force even for linear systems with delay, if we substi- 
tute in these formulae everywhere R(p)e—? and R(iw)e* in place 
of R(p) and R(iw) for the corresponding elements. 

For example, for the open network with series connected elements, 
among which only one has delay +t, we obtain the equation 


Q(p)aort = R(p)ePain , (45.10) 


where Q(p) and R(p) are ordinary operational polynomials (20.3), 
and the amplitude-phase characteristic 





W (iw) = ite eiw — W (injerto, (45.11) 
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If two elements with delay t, and t, respectively are present in 
the open network, the network equation will obviously take the form 
Q(P) Zour = R(p)e ttp , (45.12) 
which is equivalent to equation (45.10) with t=7,+7,. Thus, in 
studying the dynamics of an open network with series connected 
elements it is immaterial whether all the delay is concentrated in 
some single network or if it is distributed among various networks. 
This has practical importance for the theoretical analysis of cases 
where secondary non-ideal characteristics in the system are taken 

(a) i (b) i pi 

Wo Wer Z : 
Y yY 
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into global approximate account, as was mentioned at the start 
of this section. For multi-loop networks more complicated relations 
are obtained. 
If there is an element with feedback (Fig. 108) having delay + 
i.e. if equations (21.1) take the form 
Qc(P) out = Re(p) (Lin— 8m) , 
Qul p)Ep=Rpl p) Eont » 
then from (21.2) the element equation together with feedback will be: 


[Qc(p)Qw(p) + ELp) Rp(p)e?] out = Re(p)Qw(p)#in (45.14) 
and the amplitude-phase characteristic 


(45.13) 








ee. W.(iw) 
Meo) = TF Walia) Wea) eas 
where 
Walia) = ata) eio, (45.16) 


Let us take the same example as in Section 21, an oscillatory 
element with introduction of integral, included in feedback in the 
form of an aperiodic element, but we shall also introduce delay + 
into the feedback and estimate its influence. In the curves plotted 
in Fig. 109 Wy, changes, taking the form of Fig. 200a. Therefore 
the pioduct W.W» and the amplitude-phase characteristic we 
of the element together with feedback takes the form of Fig. 201a, b 
in place of Fig. 109c, d. 
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Example of system with delay. Let us take the engine velocity 
regulator considered in Section 22 (Fig. 74). We there derived the 
equations of all elements of the system taking into account their 
inertia. In addition to this we shall also take into account a delay + 
in the effect of the regulating organ on the object. We shall represent 
this by introduction into the block diagram of the system of an 


Controlled] w 
object 
(motor) 

r" 
Del ay 
elevent 


additional delay element (Fig. 202). Let the object not have self- 
regulation and be fitted with a regulator with stiff feedback. The 
equations of such a system had the form (22.58). 

Now they will be: 

















E.D. 
(Centri - 
fugal 


mechanism) 


fiti 
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påo = kjAa*—fi(t), 
(Tip + Tap +1)Ay = —h,Ao , 
(p + kakıks) Ax = kyky , 
Ag* = ePAg . 


(45.17) 


The equation of the closed system from (20.10) and (20.11) will 
be here: 


L(p) Aw = —8(p)f(t), (45.18) 
where 
L(p) = ( ip +Tap +1)(p + kakıks) p + kikakakae™? , 
S(p) = (Tip? + Tap +1)(p + kakak) - 


These equations will be used below in the analysis of system stability. 


| (45.19) 


46. Equations of a linear system with distributed parameters 


An automatic regulation system with distributed parameters is 
a system which has, aside from ordinary differential equations, 
also partial-differential equations. Physically this corresponds to 
taking into account wave phenomena or hydraulic shocks in pipes, 
wave processes in long electric lines in transmission from one circuit 
of the automatic regulation system to another or in the regulation 
of processes in the pipes or long lines themselves. 
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This question takes on practical importance most frequently in 
certain regulation systems including hydraulic, oil or gas pipe lines 
(either in the object or the regulator), more rarely in certain remote- 
control systems, etc. 

It is well known, for example, that a hydroturbine water line is 
described, neglecting loss, by the equations 


a0 _ jah ah _ at ao 

a Jae’ a g Oe" 
where v is the velocity of the water, h is the resistance at an arbitrary 
point, defined by the coordinate v along the pipe line, a is the velocity 
of sound in water. 


For a long electric line without loss we also have the equations 


ou ði ai Ou 
ôx æ? æ a?’ 





where u is the voltage, i the current at an arbitrary point, defined 
by the coordinate x along the line, / and c are the inductance and 
capacitance per unit length. 

After solution of these partial-differential equations taking into 
account the boundary conditions, defined by the adjacent elements 
of the automatic regulation system, we obtain for the system as 
a whole a differential-difference equation of the same type as for 
the system with delay in Section 45. 

Let us derive the equations for the automatic gas pressure regulation 
system with pipe line shown schematically in Fig. 203. In this case 
the regulated object 1 (the pipe line) is an element with distributed 
parameters. For simplicity we shall consider it to be rectilinear 
while all loads are concentrated at the end of the pipe line. 

The regulator consists of a sensitive element 2 (membrane pressure 
gauge), amplifiers 3 and 4 (jet tube and pneumatic engine), with 
stiff feedback 5 and feedback from the regulating organ 6 (valve). 
The perturbation f(t) on the object is expressed by variation of 
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some equivalent output cross section at the end of the pipe line 
according to arbitrary consumption (a similar system was studied 
by I. P. Kabakov in 1940 (Reference 21)). 

Equation of the regulated object. The motion of the gas in the 
pipe line is subject to the equation 


a0 ôw 1 ap 


a La = ra a? (-£6.1) 
where the condition of conservation of mass 
de ðw de = 
e+ eg twa =0 (46.2) 
and the adiabatic equation of the gas state 
e\* pP 
(S) =p ue 


apply, where w,p,p are respectively the velocity, pressure and 
density of the gas in the running section of the pipe line with coordi- 
nate l at the instant ¢ (the entire length of pipe line is denoted by L); 
k is the exponent in the equation of the adiabatic gas state; the 
upper indices 0 (p°, pọ?) denote that the given quantities relate to 
the steady-state of the system. 
Differentiating (46.3), we have 
(SG) 1 dp _ 1 ap 


e°/ Pa pat 
from which 
dp 1/1 
Pe aE) 2, (46.4) 


where a is the velocity of sound in gas, defined by the formula 


0 
a= y T. (46.5) 


Ordinarily the resistance to the motion of the gas in the pipe 
lne is not taken into account, neglecting the relatively small terms 
wéewjal and wép/al. In addition, in view of the small magnitude of 
pressure deviation p in the regulation process from its steady-state 
value it is possible to consider that p/p? ~1 and, consequently, 
from (46.3) p/ =~ 1. As a result we obtain from equations (46.1), 
(46.2) and (46.4) 


ae op Oak (46.6) 


dw iL ap aw 1 ap 
at pa’ al pa? ot ` 
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Let us introduce the relative deviation ¢ of the regulated quantity 
from its steady-state value and the relative coordinate A along the 
pipe line: 





p-p _Ap l 
oS a ee cee 


and the relative deviation ) of the gas velocity in the pipe line 


page ogee 


= ae (46.8) 


where w? is the gas velocity in the pipe line in the steady-state process, 
k is the exponent in the adiabatic gas state equation (46.3). 

Passing in equations (46.6) to these relative dimensionless variables, 
we obtain the reguired equation of the regulated object (pipe line) 
in the form 


ay _ _ ĉe ap 2 
2 famn E a a — = 
Y To ôt On ’ Toz 3A , (46.9) 


where two constant parameters of the regulated object are introduced: 
(46.10) 


The first T, is obviously the time of passage of the gas over the 
given pipe line in the steady-state while the second y is the ratio 
of steady-state velocity of the gas to the velocity of sound in it. 

We note that equation (46.9) is equivalent to the so-called wave 
equation 

2 A 
Pr a = ai i (46.11) 
which is easily obtained if the first of equations (46.9) is differentiated 
with respect to A and the second with respect to t and the results 
of differentiation equated. 

To the system of partial differential equations (46.9) it is necessary 
to apply boundary conditions. For this we write the equation for 
the passage of the gas through the regulating valve at the start 
of the pipe line and the equation of gas consumption at its end. 

We employ the expression for the gas velocity in terms of its 
consumption, namely 

G 
v= OR (46.12) 
where G@ is the consumption of gas in weight per second, F is the 
cross-sectional area of the pipe, g is the acceleration of gravity. 

We shall denote the values of all variables relating to the start 
and the end of pipe line by the indices 1 and 2 respectively. The 
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gas consumption at the start of the pipe line G, will be considered 
a function of the regulating valve position 2, i.e. 


G, = Gz). (46.13) 


Thig function is either given by analytical calculation or graphically 
from experiment (Fig. 204). 





On the basis of equations (46.12), (46.13), (46.3) and also Section 18 
the small deviation Az, of the velocity at the start of the pipe line w, 
from its steady-state value w° during the course of regulation will be: 


_ _ ôw, 0 ðw, 0 _ 1 
w, — w = Aw, = (Fat) AG, +a) Ap, = qr ha 
@ —_ 1 3G, 0 ia G (a, 
~ 9 (pF p= or (ae) Aa Ip er (se) Ap, (46.14) 


(steady-state values w°, G@, p are written without the index 1, 
since they are identical along the entire pipe line). The quantity 

0 
(a is the given slope at the point C (Fig. 204) corresponding 


to the steady-state process in the pipe line. On the basis of (46.3) 


and (46.5) 
sa) Ss 
êp) a" 


Let us introduce the dimensionless relative deviation of the regu- 
lating valve 
x— a Ag 





g = P (46.15) 
where %, is a conventional nominal value, equal to 
q 
Tn 3G, (46.16) 
(æ) 
In addition, we note that from (46.12) 
(l 
@ (46.17) 


= OF 
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Substituting these in (46.14), taking into account (46.8) and (46.7), 
we obtain the equation of gas transmission through the regulating 
valve at the start of the pipe line 


ath=s5, (46.18) 
which is the first boundary condition for the equations of the 
object (46.9). 

_ The gas consumption at the end of the pipeline at the load may 
be written according to (46.12) in the form 

a, = Fg ew, . (46.19) 


On the other hand it is well known that with exit of the gas from 
the pipeline (in the case of critical flow, to which we limit ourselves 
for simplicity) we have 





/ 
agar um 
=O y 29%, (46.20) 


where Q is the area of some equivalent output section at the end 
of the pipe line; this is a quantity which may vary arbitrarily ac- 
cording to the load; it therefore expresses the external perturbation 
on the given regulation system; p, is the pressure at the end of the 
pipeline before exit to the load; v, is the specific volume of the gas 
at the same point. 

The deviation of consumption from its steady-state value during 
the regulation process on the basis of (46.19), (46.3), (46.17), (46.7) 
will be in linearised form: 

aG aQ\?/3 pz 
sea (5) et (Fe) (is) o> 
F 


w? @ 
= FgpAw, + -Z Ap = F (pat). (46.21) 
Let us express AG, also from (46.20), i.c. through the variation 


of the output section at the load, considering for simplicity 
va = const = v°. We have: 


ser (B+ Sian YavBae sey adam 


From this, considering that from (46.20) 


9 
=Q 2955 i (46.22) 


and introducing the dimensionless variation of the output section, 
i.e. the external perturbation 


f= 3 , (46.23) 
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and (46.7), we obtain 
/ 
AG, = wl + TA ; (46.24) 


Comparison of expressions (46.21) and (46.24) gives the required 
equation of gas consumption at the end of the pipe line: 


be =i f): (46.25) 


which is the second boundary condition for the equation of the 
object (46.9). This equation of consumption (46.25) is valid for the 
general case of regulation with variable external perturb tion, 
expressed in variation of the relative magnitude of output section f 
at the load. In studying the transient process in the system, when 
after some perturbation the consumption has stabilised (Q = const 
= @°,f = 0), equation (46.25) will be 


Po = — (1- 5) Dy. (46.26) 


Regulator equation. Since the regulator here is the same as in 
Section 23, it is possible to employ equations (23.20), (23.25), (23.26) 
and (23.29). 

In place of (23.20) the equation of the sensitive element here 
takes the form 


Tr4+ Tita kiga, (46.27) 
where we have introduced the time constants and transfer factors 


Cy — Calm : ? C1 Colm ; 
Pm 

(C1 — 29m) Yn 
The variable ọ in equation (46.27) is denoted by the index 1 to 
indicate that the sensitive element measures the gas pressure at 
the start of the pipeline. The notation in formulae (46.28) is as 
before. 

The equation of the control element with jet tube from (23.25) 
will be 





2 m a Cg 
~ 1 A 





1 


| (46.28) 


o= nt. (46.29) 
The equation of the pneumatic drive from (23.26) is 
T = 6, (46.30) 


where T, is the time constant of the drive, defined by formula (23.27) 
in which in the given case 2, is taken from (46.16). 
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The equation of stiff feedback from (23.29) will be 

C=€. (46.31) 

The overall regulation system equation. For the given automatic 
regulation system we thus have the equation of the object (46.9) 
with boundary conditions (46.18) and (46.25) (or (46.26)) and the 
regulator equation (46.27), (46.29), (46.30) and (46.31). 

The solution of the partial differential equations (46.9), as is well 
known, may be written in the form of the following sum of certain 
two functions in the arguments (t— yT) and (t+yTaA): 


p= O'(t—yT ar) +0" (t+yTpa) , 


Y= ŽIDIA -D +T] g 
(it is easily verified that with these substitutions equations (46.9) 
are satisfied identically). 

To find the functions ®’ and ®” we employ the boundary condi- 
tions. In investigating the transient process the gas consumption 
equation at the end of the pipeline (i.e. the second boundary condi- 
tion) is taken in the form (46.26). This corresponds to the value 
1 = L, i.e. à = 1. Therefore from condition (46.26) with substitution 
(46.32) we obtain 


1+y (1- z) 
o” (t+yTo) = q ® C- YT), 
1—1(1-5) 
from which 
p(t) = b®'(t—+) , (46.33) 
where we put 
k 
b=-———g gt By Ty. (46.34) 
1-y (1- 3) 


At the start of the pipe line, where 4 = 0, we have from (46.32) 
pı = D'(t) +O" (t) = O'(t) +0 (t— 7) , 
Lo ” Lo ; 46.35 
h =tio- iono- 4 
To these equations it is necessary to add the first boundary condi- 
tion (46.18) and the regulator equation. 
Let us now write all these equations for the regulation system 
in symbolic operational form, noting first that from Section 45 
equation (46.33) will have the operational form 


p” = bert. '(46.36) 
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As a result of all the above the regulation system equations will be: 
9, = (1+ be-) 0’, | 
1 
= —(1—be?)®’ 
fı + D, 


U sgg: 
46.37 

p ath=é, | ( ) 
(Tip + T,p+1)y = —k9, , 
a=n-6, Tipk=o, $=% | 

or, more concisely 
(bem) + =(1— be) o =E, | 
: r (46.38) 

(Tip? + Top+1)y = — k, (14 beo, | : 

(Tap +1) =% 


Eliminating from here the variables — and n, we arrive at a single 
differential equation for the given automatic regulation system 


(TP+ Tap +1)(Lop+1)[(1 be) + = (1 bem] + 


+h(1+be-)\@' =0, (46.39) 
which may be transformed to 





[rir + Tap +1)(Tap +1) + | mY] a 


+b Iip + Dep +1)(2yp +1)+ aio" =0 

This equation has basically the same form as the equation of 
a system with delay (for example, (45.18) and (45.19)). Here it 
defines the quantity ©’ through which we then find from the above 
relations the regulated quantity 9, and others. The parameter + in 
this equation from (46.34) and (46.10) is calculated according to 
the formula 


L 
r=22, (46.40) 


i.e. + is the double time of propagation of sound in the gas over 
the given pipeline. 

Equation of the regulation system neglecting wave processes. It is 
interesting to compare the differential-difference equation (46.39) 
with that which would be obtained neglecting wave phenomena 
in the pipoline. We shall consider that the entire gas in the pipeline 
moves as @ single mass with a single velocity and pressure; of 
course in this we take into account only the compressibility of 
the gas. 
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We shall consider that the input and output of gas per unit time 
will be in this case: G, = G(x), Ga = G,(p). The change in quantity 
of gas in the pipeline per unit time will be G,—G,, but 


LADON 
G, — G, = (G— ©) —(G— @) = AG, — AG, = Fe) az (5%) Ap 


or, employing (46.15), (46.16) and (46.7), 
0 
m-a =— Sh- a (3) o]. (46.41) 


On the other hand, the quantity of gas (by weight) is equal to gọFL, 
since FL is the volume of the pipeline. Therefore the variation of 
quantity of gas per unit time, employing (46.4) and the relation 
p/p œ~ 1 (small deviations) is written in the form 





gFL dp 
G,—G £ (ge FL) = a at 
or with respect to (46.5), (46.7) and (46.17) 
æL. 
G,— G, = kw? . (46.42) 


Comparing (46.41) and (46.42), we obtain the required equation 
of the regulated object (pipe line) neglecting wave processes: 


Top + 89 = &, (46.43) 
where 
Alo __ kp? /aG,\° , 
Ty = wo? B= (se) A (46.44) 


there T, is the previous constant of the object (46.10) while B is 
a new constant parameter of the object where the value of the partial 
derivative is determined for the given object graphically, analo- 
gously to Fig. 204 or by calculation. 

To this equation the object are added the previous regulator 
equations (46.27)-(46.31), where in place of 9, it is necessary to 
write p. Consequently, in symbolic operational form the equations 
of the given pressure regulation system neglecting wave phenomena 
will be: 


(Top +B) =&, z 
(Lip?+ Tap +1)4 =-— kp, Gece) 
(Top+1)5 =% 


(Top +B) (Tip + Tap +1)(Tep+1)+k]p=0. (46.46) 


Here we obtain an ordinary fourth-order differential equation 
in place of the third-order differential equation with delayed argu- 
ment (46.39). 


CHAPTER XII 


INVESTIGATION OF STABILITY IN SYSTEMS WITH 
DELAY AND WITH DISTRIBUTED PARAMETERS 


47. The Mikhailov stability criterion for linear systems with delay and 
with distributed parameters 


In Section 45 the equations of linear systems with delay were given, 
which for the open network had the form 


Q (P) Zout = R(p)e Ptn ’ (47.1) 
and for the closed system 
L(p)x = S(p)f, (47.2) 
where 
L(p) =Q(p)+R(p)e™, 
_ Q(p) S(p) (47.3) 
Sp) Oey 


In Section 46 in deriving the equations for just a linear automatic 
regulation system with distributed parameters it was shown that 
it reduces to the same form in all those cases where the distributed. 
circuit of the system is described by partial-differential wave equa- 
tions (46.11) or (46.9). 

From (47.3) the characteristic equation for such systems with 
distributed parameters and systems -with delay has the transcen- 
dental form 

Q(z) + Ree = 0, (47.4) 
where Q(z) and R(z) are ordinary polynomials with the degree of 
A(z) usually smaller or at most equal to the degree of Q(z). 

Equation (47.4) is sometimes written in other forms, for example 

Q(z)e= + R(z)e = 0 
or 

Q (2) coshzz + R(z)sinhte = 0. 


But a more complicated form of equation may be met 
Q(z) + Ri(2)e + Rz) = 0, 


Q (z)e*+R,(z)e* + R,(z) = 0 
ete. 


28 419 
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Let us consider a characteristic equation of the form (47.4). It 
is well known that the solution of the differential-difference equa- 
tions (47.2) may be written in the form of series and that for damping 
of the solution, i.e. for the stability of the system it is necessary 
and sufficient that all roots of the transcendental characteristic 
equation (47.4) have negative real parts. But in distinction to ordinary 
algebraic equations here, as a result of the presence of the factor e777, 
the equation may have an infinite number of roots. 

The Mikhailov stability criterion and the frequency stability 
criterion are applicable to these systems in their previous formula- 
tions (Sections 28 and 29). However as a result of the presence of 
the factor e~e there is a substantial change in the form of the 
Mikhailov curve for the closed system 


Llio) = Q(tw)+ R(iw)e*™ , (47.5) 
as well as for the amplitude-phase characteristic of the open network 


R (iw) 
Q (ta) 


(for the definite rule of opening the network given below in Section 48). 

Therefore such simple algebraic expressions as in Section 29 are 
not obtained for the Mikhailov curve. As a result for stability of 
first and second-order linear systems with delay positiveness of 
coefficients is insufficient and for third and higher order systems 
with delay the Vyshnegradskii, Routh and Hurwitz criteria are 
not applicable. 

Algebraic criteria of stability for linear systems with delay were 
developed by the mathematicians L. S. Pontriagin and N. G. Chebo- 
tarev in 1942, who proved a whole series of very important theorems 
in this field. Regardless of certain examples of practical application, 
these criteria remain too complicated. A simpler algebraic criterion 
of stability for such systems was proposed by Yu. V. Vorob’ev in 1949 
under the designation of the method of variable parameter (Refer- 
ence 18) which was somewhat further perfected by V. G. Labazin. 

Certain authors have simplified the problem by transforming the 
transcendental characteristic equation (47.4) to an ordinary algebraic 
equation by the substitution 


Wie) = e-tro (47.6) 





(= 12)" aD 


— 





e772 = 


peep EE 





retaining only the first two or three terms of the expansion. Then 
any of the ordinary stability criteria (Vyshnegradskii, Routh, 
Hurwitz, etc.) is applied to the ordinary algebraic equation obtained 
through such substitution. However the simplified solution of the 
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problem frequently leads to invalid results. It is therefore not recom- 
mended. 

Mikhailov criterion. The possibility of extending the Mikhailov 
criterion to systems with distributed parameters (systems with delay) 
was shown by A. A. Sokolov in 1940 (Reference 9). This question 
was worked out in detail by N. N. Miasnikov in 1948. Following 
Miasnikov, let us consider individually two cases: 1) R(z) = 0, 
2) R(z) is a polynomial in z. 

The case where R(z) = C in the characteristic equation (47.4). 
This case relates to a fairly broad class of problems. In particular, 
it is valid for the automatic velocity regulation system considered 
at the end of Section 45, where C = kik,k,k,. 

When R(z) = 0, dividing the entire equation (47.4) by C, we 
obtain the expression for the Mikhailov curve of the closed system 
with delay in the form 


L(iw) = Zalio) + e-fe , (47.7) 


Consequently, the Mikhailov curve in this case may be obtained 
by geometric addition of two curves: an auxiliary ordinary Mikhailov 
curve Q(iw)/C and the unit circle e- (Fig. 205a). This addition 
is equivalent to motion of the rotating unit circle over the curve 
Q(iw)/C. The center of the circle beginning at the point w = 0 moves 
along the curve, while the radius rotates clockwise by the value tw 
(+ = const), i.e. the angle of rotation of this radius is proportional 
to that value of w corresponding to the position of the center of 
the circle on the curve Q(iw)/C. The resultant Mikhailov curve 
L(iw) is generated by the tip of the radius D (Fig. 205b). 

If the resultant curve L(iw) satisfies the ordinary formulation 
of the Mikhailov stability criterion (Section 28) as, for example, 
in Fig. 205b with n = 4, the investigated system with delay is stable. 
The Mikhailov curve for the same system without delay will be 
Q(iw)/C+1. It is clearly evident in Fig. 205 that the presence of 
delay + may make a stable system unstable (Fig. 205c) and, vice 
versa, make an unstable system stable (Fig. 205d). 

We shall show that for the determination of the stability of a system 
with delay it is not necessary to plot the resultant curve L(iw) as 
such but only to plot the auxiliary Mikhailov curve Q(iw)/C and 
the unit circle as in Fig. 205a. 

In Fig. 206 are shown various cases of the relative positions of 
these curves. Aside from that, the point 0, and the auxiliary broken- 
line axes are shown, making it possible to judge the stability of 
the system without delay directly from the curve Q(iw)/C, without 
plotting Q(tw)/C+1 separately. Thus, in cases a, d, e, f the system 
without delay is stable, while in cases b, ¢,g it is unstable. 
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Let us analyse in order all the cases shown in Fig. 206. 

In case a the auxiliary Mikhailov curve Q(iw)/C encloses the 
unit circle, without intersecting it or being tangent to it. The radius 
vector of the curve Q(iw)/C is always (i.e. for arbitrary w) greater 
than the radius vector of the unit circle. Therefore with addition 
of the latter in any way to the former along the entire curve Q(iw)/C, 
only a somewhat distorted shape of this curve is obtained, but the 
resultant Mikhailov curve will as before encircle the origin of coor- 






(a) 4 
l 


(of 


/ 
=s Otten * I 


Fie. 205 


dinates 0 and as before rotate by the same angle nx/2 about the 
origin of coordinates 0 as the initial curve Q(iw)/C. This case is 
iNustrated, for example, by the curve b in Fig. 205. 

Consequently, in this case the presence of delay does not disturb 
the system stability. Regardless of the value of delay + the system 
remains stable. The stability reserve will of course vary with change 
of delay magnitude, as the resultant Mikhailov curve may be de- 
formed towards the origin of coordinates in different ways for 
various 7. 

Cases b and ec (Fig. 206) relate to systems which are unstable 
without delay, where the auxiliary Mikhailov curve Q(tw)/C does 
not intersect the unit circle. In these cases again the radius vector 
of the curve Q(iw)/C is always greater than the radius vector of 
the unit circle. Therefore, with addition of the latter in any manner 
to the former, the resultant Mikhailov curve takes on a new shape 
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but retains its location with respect to the origin of coordinates. 
As a result the system remains unstable for arbitrary delay value +. 
“In cases d and e (Fig. 206) the system without delay is stable 
with the auxiliary Mikhailov curve Q(iw)/C intersecting the unit 
circle once. In these cases, with the addition of the unit circle radius 
vector to that of the curve Q(iw)/C it is possible that the resultant 
Mikhailov curve takes a different position with respect to the origin 
of coordinates than the initial curve. 





Fie. 206 


Let us consider here the critical case where the resultant Mikhailov 
curve passes exactly through the origin of coordinates 0, which will 
correspond to the boundary of stability of the system with delay. 
It is obvious that we shall be incident on the origin of coordinates 
only if an equal and opposite radius vector of the unit circle is 
added to that of the curve Q(iw)/C. 

For this, firstly, the radius vector of the curve Q(iw)/C must 
be equal to unity. There is only one such point on the curve Q(iw)/C— 
the point of intersection K’. Secondly, it is necessary that the unit 
circle radius lie in the opposite direction OK exactly at the same 
value of w as for the point K’ on the curve Q(iw)/C. We denote this 
value of w by wp. 

Further, since the unit circle radius vector forms the angle tw 
with the real X-axis, the given position of vectors OK’ and OK 
is not possible for arbitrary delay + but only for certain values T = Tk; 
termed critical, for which the product tw, gives the necessary 
<KOX or <KOX+2nq (q=0,1,2,...). From this the critical 
delay time for the given system will be: 


<KOX +2nq 


OK 





Tk (q=0,1,2,..-), (47.8) 
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where œp, denotes the parameter w for the auxiliary Mikhailov curve 
Qliw)/C at the point of intersection K’, while <KOX is the angle 
between the ray OK, opposite to the radius vector at the point of 
intersection K’ and the real axis OX. Let us denote by ty the funda- 
mental critical value of delay, obtained from (47.8) with g=0. 

If the delay in the given system will be + < t, the system will be 
stable since <tw, will be less than < KOX, as a result of which 
after vector addition the Mikhailov curve does not pass through the 
origin of coordinates but to the right of it. With +> ty the system 
is unstable, since <tw, will be greater than <KOX and the resultant 
Mikhailov curve passes to the left of the origin of coordinates. All 
remaining values of t, with q + 0 will lie in the region of instability 
of the system. 

The critical value t = ty may be calculated analytically without 
a drawing. Here we find the modulus M and the argument ® of the 
complex quantity Q(tw)/C: 


M(o)=)VX*HY?, (0) = tana $ i (47.9) 
where X and Y are the real and imaginary parts of the expression 


Q(iw)/C. 
The required value w = w, (at the point K’, Fig. 206d and e) 
and <KOX are found analytically from the equations: 


M(ox) =1, 
<KOX = x—O(a,). 


From x thus found and <KOX the required +, is calculated from 
formula (47.8). 

Case f (Fig. 206) relates to a system which is stable without delay, 
where the auxiliary Mikhailov curve Q(iw)/C intersects the unit 
circle twice (at the points Ki and K3). 

By considerations analogous to the above we may here find first 
of all two fundamental critical delay values: 


<K,0X <K,0X 
——, tke =—, 


On xo 


(47.10) 


Tk = (47.11) 
where ox and wxz are the values of the parameter œ for the curve 
Q(iw)/C corresponding to the points of intersection K; and K3 re- 
spectively. 
It is further possible to write the following critical values: 
<K,0OX+2n <K,OX 42r 
a aa | The SS 
Okı We 
< K,OX+ 4r 2 < K,OX+ 4x 
ep eae | | © ico eee Re es 


On Wyo 


(47.12) 
Tks 
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etc. Since in Fig. 206f < K,OX is less than <K,OX, while the value 
wr > Oia, we have 
Tha < Tke - (47.13) 


In this case the behaviour of the point K; with increase of delay + 
will be exactly the same as the behaviour of the point K’ in the 
previous case. Therefore here with t< +, the system with delay 
will be stable. 

The behaviour of the point K; with increase of + will be as 
follows. 

With + < ty. the angle <tw,. will be less than <K,OX, as a result 
of which the resultant Mikhailov curve passes below the origin of 
coordinates while with t >t 2, above. Consequently, in distinction 
to the previous case here the system will not be unstable for all 
t> tpa but only for Tk <T < tre. 

With Tke < T < Tks the system again becomes stable, with Trs <+ 
< Ta, unstable, etc., with continuous alternation of the regions of 
stability and instability with increase of t. This corresponds to the 
fact that since the Mikhailov curve in the presence of delay is “wavy” 
with increase of t the waves deform in such a way that the points Kj 
and the point K; are alternately incident on the origin of coordinates. 
Incidence of the point K; on the origin of coordinates always implies 
instability of the system while incidence of K, returns the system 
each time to the stable state. Usually only the first few stable regions 
are of practical importance. 

Finally let us analyse case g (Fig. 206), where the system is unstable 
without delay and the auxiliary Mikhailov curve Q(iw)/C intersects 
the unit circle at two points (A; and K3). Correspondingly we have 
two fundamental critica] delays: 


<K,0X <K,0X0, 
os a 


Oki Wrz 


Thy = (47.14) 
where addition of the symbol O, in the last expression denotes that 
we do not take the smaller angle but the obtuse angle (> 7), as 
is clear from the drawing. In addition, it is possible to write the 
following critical times (47.12). 

In this case the value œx (at the point Ki of the curve Q(iw)/C)) 
is less than wxg (at the point K;). The angle K,OX is smaller than 
<K,OX0O,. Two alternatives are therefore possible: either 


Tki < Tke (47.15) 
or 


The < Th - (47.16) 


Let us consider the first case (the second case will be the same 
with substitution of t2 and Tra by Tke and Tre). Here, in distinction 
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to the case d (Fig. 206) on the segment from w = 0 to the point K? 
the curve Q(tw)/C passes above the unit circle. Therefore with the 
same addition of vectors the result here is reversed. The presence 
of the second point of intersection K; causes alternation of the 
regions of stability and instability as in the previous case, but with 
just the reverse result. 

Thus, the system is unstable with +t < tm, to < T < tyg,... and 
stable with ty < T< tye, Tks < T< Thy. Here it is particularly 
interesting that a linear system unstable without delay becomes 
stable in the presence of a definite value of delay. 
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General case. In the general case the characteristic equation of 
the system (47.4), when R(z) is a polynomial, the plotting of the 
Mikhailov curve (47.5) will be as follows. 

Let us denote by M, and ®, the modulus and argument of the 
complex quantity Q (iw) and by M, and ®, the modulus and argument 
of R(iw) (Fig. 207). Then the equation of the Mikhailov curve (47.5) 
may be represented in the form 


Llio) = M (w) 1) + Myw) , (47.17) 


From this it is evident that the vector M, must be taken for some 
value w and to it added geometrically the vector M, taken at the 
same value of w but first rotated clockwise by the angle tw (Fig. 207). 
The resultant is a single point A of the resultant Mikhailov curve 
corresponding to the given value of w. Carrying this out for various 
values of w, we obtain the entire resultant curve. 

However in investigating the system stability it is not actually 
necessary to plot the resultant Mikhailov curve but to obtain two 
auxiliary Mikhailov curves: Q(iw) and R(iw). The first plays the 
same role as previously Q(iw)/C and the second with rotation of 
its vectors by tw the role of the previous unit circle. Ordinarily the 
degree of polynomial R(z) is lower or at most equal to the degree 
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of polynomial Q(z), which will be taken as the basis for the following 
discussion. 

If previously the principal role in the study of stability of the system 
was played by the ratio of moduli of the radius vectors of the curve 
Q(iw)/C and the circle, and the distribution of their points of inter- 
section, now the same role will be played, by the ratio of moduli M, 
and M, of the two auxiliary Mikhailov curves and the locations 
of their points of intersection. In Fig. 208 are shown various alter- 
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native mutual locations of the curves M,(w) and, Maw). These curves 
are easily obtained either from the auxiliary Mikhailov curves 
(Fig. 207) or directly from the analytic expressions Q(iw) and R(iw) 
from formulae (47.9). 

Without presenting considerations analogous to the preceding, 
we present here only the results (following Miasnikov). 

In case a (Fig. 208) the system is stable for arbitrary r if the first 
auxiliary curve Q(iw) satisfies the Mikhailov stability criterion. 
In the contrary case with the same character of graph a (Fig. 208) 
we obtain an unstable system with arbitrary +. 

In case b (Fig. 208) there is a single critical delay + where, if the 
system without delay is stable, it will be stable even in the presence 
of delay t< +t and unstable with delay +> ft. Here the critical 
delay t is defined in the following manner. 

From the graph b (Fig. 208) the value of w* is taken at the point 
of intersection K. The value of w corresponding to this point is 
found from the auxiliary Mikhailov curves Q(iw) and R(tw). For 
the resultant Mikhailov curve to be incident on the origin of coordi- 
nates (which defines the critical delay), it is necessary that the 
vectors M, and M, (after rotation of M,) be oppositely directed, 
ie. as in Fig. 209: tkop = x—®,+®,, from which the required 
critical delay will be: 

_ r—O,+O, 


Ok 


Tk (47.18) 

Finally, in case ¢ (Fig. 208) we have two fundamental critical 
delay values tj, and tkz, defined in the same manner (47.18) for two 
values of the parameter o, op and op, taken from the graph oc 
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(Fig. 208) at the points of intersection K, and K, respectively. If 
the given regulation system without delay is stable it will be stable 
with delays T < Temm, Where Temm denotes the smaller of the above 
two values t, and Tez. It is then possible to find the following critical 
values 

= m—®,+0,+ 27g 


Ok 


Tk 


and to establish the alternation of stability and instability regions 
as for the case e in Fig. 206. 
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48. Frequency stability criterion for linear systems with delay and with 
distributed parameters 


The possibility of applying the frequency stability criterion to 
systems with distributed parameters (systems with delay) was 
described in 1941 by V. V. Solodovnikov. This question was de- 
veloped in detail by Ia. Z. Tsypkin in 1946. 

Opening of the system. If the linear element with delay enters 
into a block of the system for which the amplitude-phase charac- 
teristic is recorded experimentally, while the characteristics are given 
by equations only for the ordinary linear elements (without delay), 
the investigation of system stability differs in no way from the 
usual one (Section 30 and 35). 

If the element with delay enters into a block of the system which 
is defined by equations (or transfer functions), the amplitude-phase 
characteristic W (iw) of the open network with delay (47.6) 


Wlia) = ote) evi (48.1) 
is obtained from the amplitude-phase characteristic 
. .  R(tw) r 
W,(tw) = Q(ia) (48.2) 


of the same network without delay (i.e. t = 0), by simple rotation 
of all vectors A of this characteristic clockwise by the appropriate 
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angle tw (Fig. 200a). The system should be opened in that line of 
the loop which includes the element with delay. Thus, if the delay 
element enters as shown in Fig. 202, the system may be opened in 
the usual manner (Fig. 210a), where the amplitude-phase charac- 
teristic of the open network, from (47.17) and (20.5), will be: 


kikskska 


W (tw) a pee) a ONT n a A 
iw(— Tio + Tio + 1)(iw + kakake) 


e-i, (48.3) 
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If the element with delay enters into an auxiliary feedback 
(Fig. 2100), the system must be opened as shown in Fig. 210c, where 
from equations (22.57) with introduction of the factor e~? in the 
right-hand sido of the feedback equation, from formula (21.11) we 
obtain 


kgkgkq(— Tim? + Tyiw +1) 


W (to) = ~ar SC ee an ee 
— o (— Tyo" + Tyiw +1) + hgh kik, 


entre , (48.4) 


Finally, for the case where the delay enters into a part of the 
loop included in an auxiliary feedback (Fig. 210d), it is opened 
as shown in Fig. 210e (here in place of the feedback network we 
obtain a network with branching), where, from (22.57), with in- 
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clusion of the factor e-” in the right-hand side of the slide-valve 
equation, and formula (21.29) we obtain: 
ksk, kik 


W (iw) = -— = - + kgj eo , 48.5 
e iw [ta(— Tio + Tio +-1) ‘ i ( 





from which it is possible to obtain an expression of the form (47.6) 
after reduction to a common denominator. 

When this rule of opening is not observed the amplitude-phase 
characteristic of the open network will not be defined as simply 
as in formula (48.1) and in Fig. 200a but a substantially more compli- 
cated expression of type (45.15) is obtained, where the results pre- 
sented below will not be valid. 

We shall assume that in the general case in the expression for 
the amplitude-phase characteristic of the open network (48.1) the 
degree of the numerator R(iw) is less or at most equal to the degree 
of the denominator Q(iw), but with W,(co)<1*. In accordance 
with Section 30 it is necessary to distinguish the following two cases: 
(1) the characteristic equation of the open network Q(z) = 0 has 
no roots with positive real part, (2) the equation Q(z) = 0 has such 
roots. Let us consider these two cases individually, following 
Ya. Z. Tsypkin, on the basis of the given amplitude-phase charac- 
teristic of the open network without delay W,(iw). 

We note, for example, in (48.3) and (48.5) it is evident that 


Q(z) = 2(Tee?+Ty2+1)(e+hghyhs) and Q(z) =T + Tyz+1) 


respectively do not have roots with positive real part if the coef- 
ficients are positive. In case (48.4), where 


Q(z) = (Tie? + Lez +1) + bikeligk, , 


it is first necessary to calculate the roots or plot the auxiliary Mikhai- 
lov curve Q(tw), which, from Section 27, indicates the number of 
roots with positive real part. 

Case where the open network is stable or neutral. In this case, when 
the characteristic equation of the open network Q(z) =0 has 
no roots with positive real part (but may have zero roots), for the 
closed system to be stable it is necessary that the amplitude-phase 
characteristic of the open network with delay (47.6) not enclose 
the point C with coordinates (—1, i0). 

Let us find the critical delay tw, i.e. such for which the system 
is incident on the boundary of stability (the amplitude-phase charac- 


* In the contrary case the amplitude-phase characteristic of the open network 
with delay rotates clockwise an infinite number of times about the point O(—1, 40), 
i.e. the closed system will be unstable for arbitrary delay 7. 
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teristic of the open network with delay passes through the point C 

without enclosing it), As is evident from Fig. 200a a point of the 

characteristic © = wx is incident on the point C when the condition 

Alo =1, 
B(w~)—ThO, =— Tr +2rg (q=0,1,2,...), 

is satisfied, where 8(w;) is the phase of the open network without 

delay (48.2). For example, in Fig. 21la we have B—tw, = — T, 


(48.6) 





Fig, 211 


in Fig. 211b B—t,w, = —3n; in Fig. 211e also B—<,o, = — 3x, but 
the latter does not correspond to the boundary of stability since 
the characteristic encloses the point C (the system is unstable). 
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From the two equations (48.6) the critical values ty and wx 
(frequency of free undamped oscillations at the boundary of stability) 
are determined. They are most simply found from the graph in the 
following manner. 

We first analyse the case where the closed system without delay 
is stable. Let the amplitude-phase characteristic of the open network 
without delay (48.2) be known, shown in the form of graphs in 
Fig. 212a or b, where in Fig. 212a is shown a stable and in Fig. 212b 
a neutral open system. Let us plot about the origin of coordinates 
a unit circle (broken line in Fig. 212). We assume that a single point 
of intersection K is obtained. Then for satisfaction of condition 
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(48.6) it is necessary that tær = <KOC+2nqg, from which the 
required critical delay of the system will be 


_ <K0C+2nq 
Te Sy ee, 


Ok 


Tk (q=0,1, 2,...) (48.7) 
where œx is the frequency w corresponding to the point K. The 
fundamental value tą with g=0 is denoted by tx. 

It is obvious that with delay r < tą the given system will be 
stable while with delay +>, unstable. All further values of tp 
(48.7) with q #0 will lie in the region of instability. 

If the unit circle intersects the amplitude-phase characteristic of 
the linear part of the system two or more times (Fig. 212c, d), several 
critical delays tą are possible. For example, in case ¢ in Fig. 212 we 
obtain two fundamental critical delay values: 


<K,00 <K,0C 
= te SS 


Ox We 


Th = (48.8) 
where with delay t < tr the system is stable, with delay Tki < T < Tko; 
unstable. With delay + > qt the system is again stable, since the 
amplitude-phase characteristic of the open system with delay does 
not enclose the point C. However, with further increase of delay + 
the stability of the system is again disturbed at 
<K,0C + 2x 
Tks = —————__ 
Oki 
Consequently, the second stability region will be Tpz< T< Ty. 
Further with Ts < T < Tk where 
Tha = <K:00 +27 i (48.10) 
Oke 


(48.9) 


there will again be a region of instability, which is replaced by 
the stable region thy < T< Tks, where 
ae eh (48.11) 
x1 

Let us now turn to the case where the amplitude-phase charac- 
teristic of the linear part of the system has the form d (Fig. 212) 
and intersects the unit circle at three points: Kı, K, and K,. In 
this case the fundamental critical delays will be: 
<K,0C <K,0CN <k,OCN 
Ton T Oe Os 


xe 


Tks 


Tki = » Tks = (48.12) 
(the letter N in these last expressions indicates that the angles 
should be taken “obtuse”, i.e. including the are N of Fig. 212d). 

If we find from the calculations that Tyr < Tkz < tks, the system 


will be stable with delay +< tx and unstable with delay + > Tr. 
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In this case there is therefore only a single critical delay in the 
system (Tı), the remaining (tye and Tys) are superfluous in the sense 
that for them the amplitude-phase characteristic of the open net- 
work with delay encloses the point C. 

Let us consider a second possible case ty. < tk < ty. Here the 
system is stable with t < t2 and unstable for T > Tpz 

If tie < Tks < ta, the system will have two regions of stability 
T< Tk and tg < T< Ta and will be unstable for Ty < T< Ty and 
T > Tr. 

The above is easily verified plotting the corresponding amplitude- 
phase characteristics of the open network with delay. 





Fig. 213 


We note, finally, that the closed system will be stable for arbitrary 
delay t if the entire amplitude-phase characteristic of the open 
network without delay (for t = 0) is located inside the unit circle 
(Fig. 212e), i.e. when A(w)<1 with 0 <% < oo. In this case no 
change of phase ß through delay can bring the characteristic beyond 
the point ©. 

In those cases where the closed system without delay is unstable 
and there is a single point of intersection K between the charac- 
teristic (48.2) and the unit circle (Fig. 213a and b), it is obvious 
that with any rotation of the characteristic clockwise, i.e. for arbi- 
trary delay 7, the system remains unstable. 

If with an unstable closed system without delay there are two 
points of intersection K, and K, of the characteristic W,(tw) with 
the unit circle (Fig 213c), there will be two fundamental critical 
delays: 

<K,0C _ <K,0CN 


Tki = , The 
Ox Ore 


(48.13) 


From Fig. 213¢ it is obvious that if ta < Tko, the system which is 
unstable without delay becomes stable in the presence of delay + 
in the interval Tı <T < T Here, if the following critical times 


_ <K,0C +2nq ges ac <K,OCN +2xnq 
=e is ee 


Oki re 


Tk 
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alternate, then with the < T< tiger) the system is unstable, with 
Thi(qmt) < T < Tha(qet) is again stable, etc. 

If in formulae (48.13) tre < Tp the system will be unstable with 
arbitrary delay t, as at t = 0. 

The case where the open network is unstable. In this case, when 
the characteristic equation of the open network Q(z)=0 has m 
roots with positive real part, for the closed system to be stable it 
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is necessary that the amplitude-phase characteristic of the open 
network with delay encircle the point © (—1, 70) counterclockwise 
by the angle mz. 

If the closed system without delay is stable (for example, Fig. 214 
with m = 2), we obtain the critical value 


iy ROG. (48.14) 
Wk 





where with 0 < T < ty the system is stable while with + > ty unstable. 
If the closed system without delay is unstable, it remains unstable 
with arbitrary r. 


49. Choice of structure and parameters of linear systems with delay and 
with distributed parameters from the condition of stability and the quality 
of the transient process 


Let us describe here plotting of the stability region for linear 
systems with delay and systems with distributed parameters on the 
basis of the Mikhailov criterion, calculation of the roots and the 
frequency criteria of the transient quality. 

Employment of the Mikhailov curve. As an example let us take 
the engine velocity regulation system (Fig. 74 and Fig. 202) with 
delay + in the regulating organ. Let us examine the influence of 
the magnitude of delay + on the choice of transfer factor k of the 
centrifugal mechanism, for which we plot the stability region of 
the given system in the plane of the two parameters (k,,7). The 
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differential equation of the system has the form (45.18). The charac- 
teristic equation will be: 


(T22 + Taz +1)(2 + kgkghs)2 + kikgkgkye-™ = 0, 


or in expanded form after division by kjk,k,: 





Qt + a2 + a? + age H ket = 0, (49.1) 
where 
_ o T, Tik 
Mo = Fk? OT uea e?’ er 
ASRR HO ATR 
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These coefficients will be considered given. Let us plot the auxiliary 
Mikhailov curve (Fig. 215) 


Q (tw) = Xlo) +iY (o), 
where 


X = -mwt Y = wta. (49.3) 


We shall also plot there (Fig. 215) a circle of radius k, representing 
the last term of the characteristic equation (49.1), i.e. kees, 
Assigning various values to k,, we obtain different circles and in 
each find its critical delay t. This defines individual points of the 
required boundary of stability (Fig. 216) in the coordinates (ka, 7). 

Let us assume for simplicity that the shape of the curve Q(iw) 
is such that the radius vector continuously increases * along the 
curve with increase of w (this is fully realisable). Then, as is evident 
from Fig. 215, a single point of intersection K’ is obtained which, 
with increase of the radius of the circle k, will shift continuously 
counterclockwise along the curve Q(iw). Therefore with increase 
of k, in the interval 

0<k, < œ 


* In the contrary case two points of intersection with the circle are possible, 
which may also be easily studied as in Fig. 206/. 


29 
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the angle KOX (Fig. 215) will decrease continuously in the interval 
+r > KOX >r, 
where the value of w, at the point K varies in the interval 
0<a,< +o. 
From (47.8) the critical delay 
_ <KOX 


Wk 





Tk 


will vary in the following manner: 


+oo>t 20 with +7 > KOX >20, 
™% <0 with KOX <0. 


r 
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We are interested only in positive delays t (a negative + corre- 
sponds to advance). The limiting case t = 0, when <KOX =0 
corresponds to incidence of the point K’ on the point A (Fig. 215), 


i.e. the condition 
(Ka)tim =OA. 


But OA = — X4 with Y,=0. Therefore, finding from (49.3) the 
value w4 = 4,/4, with Y = 0 and substituting it in X, we find 


(ka)im = 8 (a,a,— aas) ’ 
ay; 
where a, 4, @,,@, have the values (49.2). 

Considering all the above, we obtain the boundary of stability 
represented in Fig. 216. The region of stability lies to the left of 
this curve, since the entire segment 0 < k, < (kaim with t= 0, as 
is evident from the Mikhailov curve, corresponds to a stable system, 
where the values k= 0 and (%,)ym correspond to the boundaries 
of stability. 

Diagram of stability boundaries for a third-order system with 
delay. In Section 29 the boundary of stability for a third-order 
system was analysed (Fig. 143) in the Vyshnegradskii parameter 
plane A and B (29.9). Let us determine the influence of delay ~v 
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in such a system on the shape of the stability boundary in the plane 
of these dimensionless parameters A and B if the characteristic 
equation of the system has the form 


a + a2? + a2 + age" = 0. (49.4) 


This question was studied in detail by N. N. Miasnikov by the above- 
described application of the Mikhailov curve. We present only 
certain results of his solution. 

Introducing the new variable u (29.7), we reduce the equation 
(49.4) similarly to (29.8) to the normalised form: 


w+ Av?+ Bu-+em4 —0, (49.5) 


8 





Fig. 217 


where A and B are the previous Vyshnegradskii parameters (29.9) 


and,‘ in addition, 
$= 
= T y= ; (49.6) 


which we term the normalised delay (it is dimensionless, as are the 
quantities A, B, u). 

Plotting the boundaries of stability for the normalised equation 
(49.5) by the method described in the above example yields the 
diagram shown in Fig. 217. Here the curve t= 0 represents the 
Vyshnegradskii hyperbola (Fig. 143), i.e. the boundary of stability 
of the ordinary third-order linear system. The remaining curves 
in Fig. 217 represent the boundaries of stability of the system for 
various values of normalised delay (+) = 1, 2,3, 4). 

This diagram clearly shows the strong influence of delay + in 
the system on the shape of its stability boundary. Basically with 
increase of + the stability region narrows, but for certain values 
of t partially projects into the portion of the plane where the system 
without delay is unstable. It is particularly important to take into 
account the results obtained on the influence of delay in connection 
with the conclusions evident from Chapters IX and X (see Fig. 169, 
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173, 186), the best values of parameters A and B from the point 
of view of transient quality are values located in the region of two 
or three units along both coordinate axes. 

In studying real systems it is necessary to consider that the 
normalised value t, figuring in the diagram (Fig. 217) is connected 
with a real delay time + in the system by relation (49.6). 

As an example let us take the direct acting automatic velocity 
regulation system (Fig. 13) where the equations of the object and 
sensitive element have the form (22.17) with B=0 and (22.29), 
while the equation of transmission to the regulating organ č = x. 
We introduce, in addition, consideration of delay time as was done 
in Section 45. Then the equations of the system are written in the 
form 

Tap? = &, 
(Tip +Tip+8)n=—9, 
E=n, E= be. 


The characteristic equation of the system will be 
T, Tre +T.T,2+8T.2+e = 0, 
and from (29.9) and (49.6) we have: 








pre? vr? PONV rne 

If T, = 0:24 sec, 8 = 0-11, T? = 10% sec, Ty = 2-2-10 sec, then 
A = 3, B = 2. As is evident from the diagram (Fig. 217), the system 
will be stable only for values 0 < tọ < 2, which corresponds to real 
time delays: 0 < + < 0-028 sec. For values t > 0:028 sec the system 
is unstable. 

Analytical expression for the stability boundaries. The boundaries 
of the stability region for systems with delay and systems with 
distributed parameters may be plotted as in Section 34 on the basis 
of the analytical expression for the Mikhailov curve. Thus, to plot 
the region of stability with respect to some arbitrary parameter « 
condition (28.6) is employed, expressing from it, as in Section 34, 
the parameter « in complex form and finding the points of inter- 
section of the curve obtained with the real axis. If it is required to 
find the stability region in the plane of any two parameters « and 8, 
the expression for the stability boundary from the Mikhailov criterion 
is used in the form (28.7), i.e. in the form of two equations: 


X(a,B,m)=0, YV(a,B,o)=0, (49.7) 
from which it is possible in principle to express: 
a=a(o), B= Ble). (49.8) 
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Assigning various values 0 < œ < +00, in accordance with (49.8) 
we plot the curves point by point in the plane of parameters «, B and 
the singular lines œ = 0 and w = oo. The stability region is found 
from these curves as before (Section 34). 

As an example let us consider the system aircraft-course auto- 
pilot, for which the equations in Section 25 were derived. Here the 
equation of the aircraft is written in the simplest form 


T å} + Ay = —k,Ad* , (49.9) 


and the autopilot equation (without feedback, but with introduction 
of two derivatives) in ideal form 


AS = k Ay +k, Ap+ kA . (49.10) 


Non-idealness of the system is taken into account in the form of 
delay 
Ad*(t) = AS(t~r) . (49.11) 
The characteristic equation of such a system, from Section 45, 
will be: 
(Tiz +1) +h (kh, tki t kiz) =0. (49.12) 
Let it be required to estimate the stability of the system for 


various values of delay t by plotting the stability region in the 
parameter plane (%,,7). Factoring out k, in (49.12) and putting 
ei) = 

a b hey? (49.13) 
we obtain the left-hand side of equation (49.12) in the form 


Lz) = (T2 +1) + hyk,(1 + az+52)e-. 


a 


Letting z = ia, separating the real and imaginary parts by the 
formula e?*™ = costw—isintw, and equating them separately to 


zero, we obtain equations (49.7) in the form 
— a? + kyk [(1— bu?) costa + ausinta] =0, wean 
— Tio + kyk, [aw costa — (1— bw) sintw] = 0. (49.14) 


Expressing from this k, and t, which play here the role of the 
parameters « and ß, we find the equations (49.8) 





k = a? 1+ Tia? | 
uo k au? +(1—bw*)? ’ 
1 te (49.15) 
ba (tan Iba —tan? Tio + 2nq 


(q =0,1,2,...). 
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All parameters except k, and + are given, with T, >a. Now, 
assigning various values to w from 0 to -+co, we shall calculate for 
each by formulae (49.15) the values of the parameters k, and + and 
plot point by point the corresponding curves in the plane k,,7, 
where we limit ourselves to positive values of k and +. 

To hatch the curves we find the sign of the determinant (34.12), 
taking on in the present case according to (49.14) (where the role 
of the parameters « and 6 is played by ky, and t) the following form: 


— okyki {[(1— bw?) costo + awsinta}? + 
+ [ae costw— (1— bw?) sintw]?} 
or after expanding 
— wkyki[(1— bo’)? trow]. 


Therefore all the curves are hatched identically from the under side 
(Fig. 218). From this we conclude that only the lowest region may 





Fig. 218 


be stable. For verification we write the characteristic equation of 
the given system (49.12) with respect to (49.13) in the absence of 
delay (t = 0): 

TP + (1+ kh kyb)2* + kykyaz+hyky =0, 


and apply the Vyshnegradskii stability criterion (29.3), which gives 
in the present case the following condition 





Consequently the stability region denoted in Fig. 218 has been 
correctly found. 

As a second example let us consider the automatic pressure regu- 
lation system in a pipe line, the equation of which has been derived 
in Section 46 taking into account wave phenomena. The charac- 
teristic equation of the system from (46.39) has the form 
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Ti Ta? + (Lit TaT) + (Ti+ Ts)2+1 + a 1” 


=j 
OIRA TT) + 


+(Ta+ T) +1 + arpe =0. (49.16) 


Let us plot the stability region in the plane of the two regulator 
parameters (T,, T$), the significance of which is clear from (46.27) 
and (46.28). The plot of this stability region was carried out by 
the above method in 1940 by I. P. Kabakov (Reference 21) with 
reference to the development of this method by A. A. Sokolov 
(Reference 9) (I. P. Kabakov, as well as A. A. Sokolov, died in the 
Battle of Leningrad in 1941). 

In the left-hand side of the characteristic equation (49.16) we 
substitute z = iw, separate the real and imaginary parts and equate 
them separately to zero. As a result we obtain two equations (49.7) 
in the form 





k 
P(o) +X + 








yti 
+b mi : O F Ar] costo + P,(w) sinto) =0, (49.17) 
P,(w) +6 = {P,(w)cose -|2 + =| sina =0, 
where 
Pw) = 1—(T2+ 7,7.) 0° , | 
Pio) = (Ti+ T,)o— T . eee) 
From (49.18) we find: 
_ P.—P,T.o 
a pe 2) 4)? 
o(Ts% +1) 
-(49.19 
nat (Babee) oe 
W? Tey? +1 l 


where we should substitute the values of P, and P, obtained from 
(49.17), i.e. 











p —— @thr—-ly 
i w+ (y—1)y? ’? 








p, — avay- (y=) ye ie 
e+e 
where 
2 =1+d1 = costo, y=—Tysinse , 
k (49.21) 
z= Y (1 +bceosto). 





y+I 
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Considering now all the system parameters except T, and T? 
given (including + = 2Z/a), we shall give various values to œ, calcu- 
late for each w first the quantities æ, y, z (49.21), then P, and P, in 
accordance with (49.20) and, finally, T, and 77 from formulae (49.19). 
The results of these calculations give us definite points in the plane 
(Ta, Ti), which are joined to give the required stability boundary 
(the continuous curve in Fig. 219) and the region of stability below 
and to the right of it. 

For a more complete clarification of the effects of wave pheno- 
mena in pipelines on the stability of the system we plot also the 


Region of 
stability 





SN 
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stability boundary calculated without regard to wave phenomena, 
but taking into account compressibility of the gas, when the partial 
differential equation of the regulated object (46.9) is replaced by 
an ordinary differential equation (46.43). The characteristic equation 
of the system has in this case from (46.45) the form 


TIT, Tg + (TIT 8 + TET, + ToT eT) 2 + (T38 + TTS + Ta Tot 
+ T,T,)2 + (Tò, + To+ Tz +è +k = 0 . 
Here it would be possible to employ the same method, but for 


illustration of different possibilities we turn to the Hurwitz criterion. 
From formula (29.19) we obtain the following equation of the stability 


boundary 
(Lad + To + To8)[(TiT.8+ TiTe + T.TeTo)(T18 + TaT + TT) + 
+T:To) gä TiT, TATS +T + T,8)]— 
— (8 +k) (TETS + Ti Tt TIT) = 0. 
Since all parameters except T, and T? are given, we have here 
the equation of a curve in coordinates (7,, Ti), from which the 
stability boundary shown in broken line in Fig. 219 may be plotted 


point by point. Comparison of the continuous and broken-line 
boundaries (Fig. 219) gives us an idea of the effect of wave phenomena 
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in the pipeline on the choice of regulator parameters in the given 
system with respect to the stability condition. 

Degree of stability of linear systems with delay and with distri- 
buted parameters. It is obvious that the method described in 
Section 37 for determining the degree of stability and the choice 
of system parameters from it, based on the Mikhailov criterion, 
may also be applied to linear systems with delay and with distributed 
parameters. 

The characteristic equation for these systems, from Section 47, 
has the form 

Q(z) + Rlzjew = 0. 


The shifted equation may be obtained by applying formula (37.7) 
to the polynomials Q(z) and R(z) and substituting z = ¢—A in the 
expression 6—7. Then, if 

Q(z) = boz +b, 2774 ...40,:2+5,,; 
R(2) = 0o” 4+ 6,27 +... 46m 2 +m y 
the shifted equation will be: 


QE) +R) e= 0, (49.22) 
where 
Q: (%) = bot” + Bort + aoe + Bn-a% +B, , 
A Ry(S) = 00" + Oin... + Om- + Om, 
an 
(n—k) oe 
B= 2 (K=1,2,...,), 
(m—=k) 
O= 00. Ee (k =1,2,. m) 


After constructing the shifted equation (49.22) the method of 
investigating stability described in the present paragraph is applied 
to it, in the same sense as in Section 37 the stability criterion of 
ordinary linear systems was applied to the problem of degree of 
stability. 

Calculating the roots of simple transcendental equations. The char- 
acteristic equation for systems with delay as well as for a definite 
class of systems with distributed parameters, from Section 47, has 


the form 
Q(z) + R(z)je 7 =0. (49.23) 


For equations with relatively low degrees of Q(z) and K(z) the 
following method of calculating the roots is applied. We substitute 
in equation (49.23) the values 


Z@=atin, e = e(costw—isintw). 
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We then separate the real and imaginary parts in the expression 
obtained. Each of them is equated to zero. The result is two equations 
with two unknowns « and w. They may be solved graphically, plotting 
two curves in the plane («, w) from these equations. Their points 
of intersection (which, in general, will be infinitely many) give 
the required roots 2;—a«;+%w,; of the transcendental equation. 
Since the system is assumed stable, while complex roots are always 
conjugate, it is only necessary to plot these curves in the second 
quadrant of the plane (a, w). 

Frequency criteria of transient quality. It is possible to apply 
the approximate frequency criteria of transient quality considered 
in Section 44 to linear systems with delay if the frequency charac- 
teristic of the closed system is plotted taking into account the delay. 


CHAPTER XIII 


PULSE (DISCONTINUOUS) AUTOMATIC REGULATION 
SYSTEMS 


50. Equations and frequency characteristics of linear pulse regulation 
systems 


Pulse automatic regulation systems are one of the forms of dis- 
continuous regulation systems (a second form of discontinuous 
regulation system is the relay system considered in Section 53). 
Certain general information on these systems has already been 
given in Section 4. 

A linear pulse regulation system is an automatic regulation system 
which, in addition to elements described by ordinary linear differ- 
ential equations, contains a pulse element, having at the input 
a continuous force and transforming it into pulses at equal time 
intervals proportional to the values of the input quantity at instants 
of time corresponding to the start of each pulse. This definition 
includes pulse elements of types a and b (Fig. 29 and 31) while the 
third type (c) will be non-linear since the magnitude of pulse is 
independent of the magnitude of input quantity and depends only 
on its sign, as in an ordinary non-linear relay-type element. 

In addition, a key (and a chopper bar) which from some external 
cause closes a circuit in short impulses at equal time intervals may 
also be a pulse circuit. The difference between a key-type pulse 
circuit and a chopper bar is that the former “cuts out” defined 
sections from the continuously varying quantity (Fig. 220c), while 
the latter gives rectilinear pulses (Fig. 220a and b). Hither pulse 
element may be realised by various electromechanical or electronic 
devices. We shall term them respectively pulse elements type I, 
type II, type III (Fig. 220a, b, c). 

Here we shall consider special methods of studying linear pulse 
systems, but in a number of cases it will be necessary to bear in 
mind that these systems may be studied as ordinary linear systems 
(see the note at the end of Section 13). 

Equations of pulse automatic regulation systems. As an example 
we take the pulse automatic regulation system for temperature 0, 


445 
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the schematic diagram of which is given in Fig. 30 and described 
in Section 4. Its block diagram is given in Fig. 221a. The regulated 
object may be, for example, a heat engine, the temperature in which 0 
should be maintained constant by varying the position & of the 
shutters (regulating organ), i.e. by varying the rate of cooling the 
engine. 

In the general case there may be a number of continuous elements 
in an arbitrary linear pulse regulation system, described by ordinary 





linear differential equations and one discontinuous, pulse-element. 
It is therefore possible to represent the general structure of a pulse 
regulation system as shown in Fig. 221b where all the continuous 
elements are combined in a single block which is termed the ordinary 


(b) 





(a) g [Thermometer 
and galvano 
meter (E.D. ) 


Ordinary 
linear 
part 


Pulse 
circuit 
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linear part of the system. This may have any structure (arbitrary 
complexity, feedback, etc.). In the present example the linear part 
includes: the drive engine, regulating organ (shutters), regulated 
object and sensitive element (resistance thermometer with galvano- 
meter). 

The equation of a regulated object of this type has already been 
derived in the form (9.15). Desiring to investigate only the transient 
process with steady-state conditions (fı = 0), we write the equation 
of the regulated object in the form 


(Tıp +1)0 = —hE, (50.1) 
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where ô is the deviation of the regulated temperature, & is the position 
of the shutters. The time constant T, and the coefficient k, are 
defined by formulae (9.16) or experimentally. 

The equation of the sensitive element is written in the form 


(Tap +1)8 = kað, (50.2) 


where s is the position of the galvanometer pointer, read in the 
plane of the chopper bar (Figs. 30 and 31). The time constant Tə 
defines the thermal inertia of the resistance thermometer and the 
galvanometer inertia (the latter is small). 

The equations of drive and regulating organ are written in the 
form 
oe = M,— —M,, M,=¢V, M, =at, 
where J is the moment of inertia of the entire mass rotated by the 
engine (including the reduction gear and shutters), reduced to the 
axis of rotation of the shutters, & is the angle of rotation of the 
shutters, M, and M, are the rotary moment and the resistance 
moment reduced to the axis of the shutters, V is the voltage in the 
engine armature circuit (¢c,,¢, are proportionality factors). This 
equation is represented in the form 


J 


(Top +1)pE=kV, Ts =<, y= 2. (50.3) 


From equations (50.1), (50.2), (50.3) it is possible to write the 
equation of the entire ordinary linear part of the system on the 
basis of (20.2) in the form 


(Tip +1)(T2p +1)(Lap +1) ps = —kykgkyV . (50.4) 


Finally, it is necessary to set up the pulse element equation. 
The pulse element is characterised by the following pazameters 
(see Fig. 220): T is the pulse repetition pericd, y is the pulse duty 
cycle (ratio of pulse duration to repetition period), kp is the gain 
factor of the pulse element ratio of magnitude or duration of the 
pulse to the magnitude of the input force at the start of the pulse). 

In the present example (Fig. 31) the pulse repetition period T 
will be ihe period of forced oscillations of the chcpper bar 7. The 
pulse duration is defined by the time in which the galvanometer 
pointer 4 is pressed againts the rheostat 9. The pulse duty cycle y 
will consequently be the 1atio of this time interval to the period 
of oscillation of the bar (ordinarily y <1). The gain factor of the 
type I pulse element (Fig. ae will be: 


AR T| |Z V max ; 


Smax 


(50.5) 
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it is defined by the rheostat and voltage source parameters. For 
a type II pulse element 


kp = 


Ymax 


Smax 


vZ 
s 


(50.6) 














which is defined by the design of the chopper bar. 
We may now on the basis of the graph of Fig. 220a write the 
folowing equation for the type I pulse element: 


V=kp s(n] with nT<t<(nT+yT), | 


V=0 with (nT+yT)<t<(n4+1)T, (50:0) 


where n = 0, 1,2,... is the arbitrary ordinal number of the pulse 
period, where y = const. The notation s[n] denotes the constant 
value s taken at the start of the nth pulse period. 

The equation of the type II pulse element (Fig. 220b) will be: 


V =c- signs[n] with nT <t<(nT+yYT), \ (50.8 
V=0 with (nT+yūT)<t<(n+1)T, 5) 
where 
RENA, ; Y = ky: [s[n] 
or, which is equivalent, 
y = k,8[n]-signs[n] (50.9) 


(both notations denote kp, multiplied by the absolute value of s, 
which is necessary here since y is always positive). The notation 
V = ¢c-signs[n] denotes that the voltage V remains constant, equal 
to some value c, but changes its sign with change in sign of s. 
The equation of the type III pulse circuit (Fig. 220e) will be: 


V=ks with nT <t<(nT+y), | 


(50.10) 
V=0 with (nT+yT)<t<(n+1)T.Í 


In the result we find that in the closed regulation system (Fig. 221) 
the pulse element gives pulses V at the input of the ordinary linear 
part (according to (50.7), (50.8) or (50.10)), which are transformed 
by the latter to the displacement S in accordance with equation (50.4); 
this displacement S is again applied to the input of the pulse element, 
where it is again transformed to pulses V, etc. 

In the general case for the ordinary linear part of the system 
we will have the equation 


Q(p)s =—K(p)V, (50.11) 


where Q(p) and R(p) operational polynomials of arbitrary degree, 
the degree of the former usually being higher than the degree of 
the latter. 
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Below we shall consider two methods of studying linear pulse 
systems: using difference equations and a frequency method. We 
shall therefore first describe obtaining the difference equations and 
the frequency characteristics. 


Obtaining the difference equations. Let there exist a pulse auto- 
matic temperature regulation system (Fig. 30) in which for simplicity 
we neglect the inertia of the regulator (T, = T = 0). Let a pulse 
element type II be included in this system (the pulse duration 
is proportional to the input quantity). We shall illustrate obtaining 
the difference equations using this simple example*. 

In studying the operation of any pulse system it is convenient 
to employ the relative time 


i=j (50.12) 
ie. in other words, it is convenient to measure the time by the 
number of periods T (pulse periods) rather than by seconds, as 
is usual. Then the equation of the pulse element (50.8) is written 


in the form 


=¢-si <t< 
V=e signa[n] with n<i<n++y, | (50.13) 
V=0 with n+y<i<n+l1, 
where 
y = ky-s[n]-signs[n] . (50.14) 
The equation of the regulated object (50.1) takes the form 
T, a 
TG +0 = — kÉ, (50.15) 
the equation of the sensitive element (50.2) with T,= 0 will be: 
s= kð, (50.16) 


the equation of the drive with regulating organ (50.3) with T, = 0 
will be: 

1 ač 

7T at = kV . (50.17) 

To determine the values of the variables at the initial instants 

of each pulse period we integrate the above equations over an 

arbitrary nth period. From (50.17) and (50.13) we obtain by inte- 


gration: 
E=E[n]+a-(i—n)-signs[n] with n<i<n+y, 


E=E[n]+ay-signs[n] with nty<i<n+1, (50.18) 


* We present here an example considered by Ya. Z. Tsypkin in 1948. 
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where Efn] is the value of & at the start of the nth pulse period. 
In (50.18) we put 
a= The. (50.19) 


At the end of the nth and, consequently, the start of the (n + 1)st 
pulse period from (50.18) and (50.14), considering that multiplication 
of the sign s[n] by itself gives +1 we find 

E[n+1] = E[n]+hpas[n]. (50.20) 

The solution of equation (50.15), as is well known, will be 


t 
0 = O[n]e-et—m) — k Be-2ë-n) f e-20—ME dz , 


where [n] is the value of ð at the start of the nth pulse period and 
we employ the notation 


B=7 (<8 <1). (50.21) 


Taking into account (50.18) we integrate here separately for 
the two segments of variation of ?. Substituting then ¢=n-+1 
(the end of the nth segment and the start of the n+1-st), we obtain 


O[n+1] = O[n]e-?— k,(1—e-8) E[n]— 
— {is i e—8(1 — e?r) + ki ay) -signs[n] . 


But from the smallness of y(y <1) we may assume 
1— ea — By. 
Therefore, substituting (50.14) in the expression obtained for Ofn +1], 
we find 
Oin +1] = O[n]e—8— k (1— e!) E[n]— kikpa (1—e-?)s[n]. (50.22) 
We have thus obtained the required difference equations (50.20) 
and (50.22) supplemented by relation (50.16), which together describe 
the transient process in the given pulse regulation system. These 
three equations may be reduced to a single one, eliminating two 
variables (č and s). Employing (50.16), from (50.20) and (50.22) 
we obtain two difference equations for the pulse regulation system 
E[n +1]— E[n] = kakpað[n] , eee 
O[n+1] + {ka(1—e-#)—e-8} 6[m] = —hy(1—e-*)Efn], J 
where k denotes the overall gain factor 


k = kykokp ` 
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We eliminate č from these two first-order difference equations. 
Yor this we rewrite the second of equations (50.23) for the (n + 1)st 
interval (up to now it described the nth), namely 


O[n + 2]+ {ka(1—e-*)—e-*} Oin +1] = —k,(1—e-*)E[n +1]. 
From this and from the second equation of (50.23) the values 
of č[n] and č[n +1] are substituted in the first equation of (50.23), 


previously multiplied by %,(1—e-*). The result is a single difference 
equation for the pulse regulation system 


oln + 2]— {1 + e-8— ha (1 —e-8)} Oln +1]+¢-80[n] =0; (50.24) 


this is a second-order homogeneous difference equation. It will be 
studied in Section 51. 

Obtaining the frequency characteristics. Let us open the regulation 
system at the input to the pulse element. Then in place of the closed 
system (Fig. 221) we obtain the open network Aes 222). In place 


(a) 
Con- |É con 8jError |s (b) Pulse IV tdia: $ 
trol led detec ale ary 
organ object tor ment pare 


Fic, 222 


of the displacement of the sensitive element s, as in the closed system, 
the input to the open network at the pulse element will now be an 
arbitrary external input quantity denoted in Fig. 222 by y. The 
displacement of the sensitive element s will be the output quantity 
of the open network. 

For the ordinary linear portion of the system we have the input 
quantity V and the output s. In the general case this part may have 
a structure of arbitrary complexity (with feedback, etc.). Its equation, 
as discussed above, has the form (50.11) in the general case. The 
transfer function of the ordinary linear part will thus be: 


Rp) 

Wp) = O(p) (50.25) 

(in writing the transfer function of the open network, as has been 

done everywhere previously, the minus sign before R(p) is omitted). 

Similarly to the passage in the difference equations to the relative 

time (50.12), here in operational notation we pass to the relative 
operator 

q = Tp, (50.26) 


where T is the pulse repetition period. Then the transfer function 
in the general case will have the form 


Rg) 
Wag) = Og)’ (50.27) 


30 
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in place of (50.25), where R,(q) and Q,(q) are operational polynomials 
of the same degree as R(p),Q(p) but with somewhat changed coef- 
ficients as a result of the transformation (50.26) from p to q. We 
denote by q;(i = 1, 2,..., n) the roots of the polynomial @Q,(q) and 
by Qoq) the derivative of the polynomial Q,(q) with respect to q. 

We present without derivation the expression in general form 
obtained by Ya. Z. Tsypkin (Reference 13) for the relative transfer 
function of the entire open network together with the pulse element 


W*(q) =k »(H+ Mus za) (50.28) 


i=l 
where for the type I pulse element (Fig. 220a) we have 
Rig) 1—-e 
Qu) a ’ 


and for the type III pulse element (i.e. a key with the assumption 
y <1, Fig. 2200): 


H=ylimqgWq), Hi= Req) Ye (50.30) 
q-r00 Qoldi) 
Formula (50.29) is valid when the polynomial Q,(q) has no multiple 
or zero roots. If Q,(q) has a single zero root, for example q, = 0, 
then the coefficient H, corresponding to it will be: 


H=limW,(q), H= (50.29) 
q= 





y 
H, = ae 50.31 
this is obtained by a simple passage to the limit ¢;>0 in formula 


(50.29). 

The amplitude-phase frequency characteristic of the open pulse 
network is introduced in the form W*(tw*), which is obtained by 
substitution of q = tw* in the expression for the transfer function 
of the open pulse network (50.28). This frequency characteristic, 
as an ordinary one (Section 8), may be represented in the form 


W*(éo*) = U*(o*) +40 (w*) (50.32) 
or 
Wiat) = A*( ote iB o , (50.33) 


which corresponds to the graphic representation in the complex 
plane shown in Fig. 223, where only the following interval of fre- 
quency variation enters into consideration: 0 < w* < m. The relative 
frequency «w* is related to the real frequency w according to (50.26) 
by the relationship 

= To. (50.34) 
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Let us consider the previous example of pulse system (with 
T, = T; = 0), but in distinction to it we take the pulse element 
type I, where the pulse duration yT will be constant while its ampli- 
tude will vary proportionally to the values of the input quantity 
at the start of the pulse, according to (50.7). 





Fic. 223 


According to the equation of the ordinary linear part of the system 
(50.4) we find the transfer function of this part (assuming T, = T, = 0): 


kykeakes 


MP = hp +i 


Passing to the relative operator q (50.26), we obtain 


(50.35) 





where 


B=—, è= Tk. (50.36) 
1 


The operational polynomial Q,(q) = q(q+ 8) has the roots 
u=0, Q=—f. 


Its derivative will be 
Q(g) = 2g+8. 


The polynomial #&,(q), as is evident from (50.35), degenerates 
here to a constant 
R,(q) = kikpò . 


From formula (50.29) we find the result: 


EAA 


H=0, H, B “(er—1); 


the quantity H,, corresponding to the zero root q, = 0, is found 
separately from formula (50.31), 


H, = k,k,ðy . 
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The transfer function of the overall open pulse network (50.28) 
will be 


*(q) = y _ (@r—1)e-? 7 
W*(q) = kò [5 Baes] (50.37) 
where we have introduced the overall gain factor 
k = kikzkp . (50.38) 


Substituting here q = iw, we obtain the expression for the 
amplitude-phase frequency characteristic of the open pulse network: 


wliat) — Mal 3 (r—1)e? 5 
W*(tw*) = kò ey a (ge — ent (50.39) 

Employing the well known formula ¢#* = cosw*+/sinw* and 
introducing for conciseness 


å =L (ee —1)e* o b=es, (50.40) 


we separate the real and imaginary parts in expression (50.39), 
which gives 
W*(iw*) = U*(w*) +iV*(o*) , 
where 
Uot) =~ 18 |+ a (Cos w—b) |. 


T+b?—2bc08 o? (50.41) 


ey E ci oy, E 
i a sacs w*) 14+0%—2beosw*’ 
Assigning various values to w*(0 < œ* <x), we plot the curve 
W*(im*) by points in the form of Fig. 2230. 


51. Investigation of stability of pulse (discontinuous) linear regulation 
systems 


The fundamental works on the investigation of pulse (discontinu- 
ous) regulation systems are those of A. I. Sidorov (1900), N. E. Zhu- 
kovskii (1909), Iu. QG. Kornilov (1941) and most recently Ya. Z. Tsyp- 
kin and Yu. V. Dolgolenko. 

Stability criterion for difference equations. In the general case, 
as is evident from Section 50, the system of difference equations 
describing the transient processes in a pulse regulation system 
reduces to a certain mth-order difference equation 


a,0[n+m]+a,0[n+m—1]+...tan-18[n+1]+an9[n] = 0, 
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where 6 is the deviation of the regulated quantity, @), Ar; =>; Am 
are constant coefficients expressed through the system parameters. 
Its general solution has the form 
Oin] = Get + OT + e 4+ Omen » (51.1) 
where C; are arbitrary constants, and 2; are the roots of the charac- 
teristic equation 
a + Az" + Omit Ham = 9, (51.2) 


if its roots are distinct. 

The solution (51.1) expresses the course of the transient process 
in the pulse regulation system by a graph of the form of Fig. 224a, 
i.e. gives individual values of the regulated quantity at the start 

é 
(a) 


(b) z 





Fira. 224 


of each pulse period. A pulse regulation system will be stable when 
these values tend to zero with unbounded increase in the number 
of pulses n. 

Thus, for a pulse regulation system to be stable it is necessary 
and sufficient that all roots of the characteristic equation (51.2) 
be in modulus less than unity, since from (51.1) we have 

limðfn]=0 for fz, <1 


nx 


(j =1,2,...,m). 


Graphically, this corresponds to the interior of the unit circle 
in the complex root plane z (Fig. 224b). 

Consequently, the first method of determining the stability is 
here calculation of the roots of the characteristic equation. 

Thus, in the example considered above the characteristic equation 
of the pulse regulation system from (50.24) has the form 


22— {1—e-®—ka(1—e-®)}ze+e% =0, (51.3) 


456 The Dynamics of Automatic Control Systems 


and its roots will be 


-B— — eÈ? -R— —e~8)}2 
gives de e) |. /(1+e =e a eee 


With given system parameters it is easily verified if the stability 
condition |z,,.|< 1 is satisfied or not, and the inverse problem may 
be solved, i.e. to choose the system parameters such that [zua] < 1 
(this method was applied by Yu. G. Kornilov). 

In other problems, when the difference equations have higher 
than second order, the use of this method is difficult. It is necessary 
to find a stability criterion permitting avoiding calculation of the 
roots. 

In this connection certain authors have proposed the following 
second method for determining the stability of a pulse regulation 
system. In the characteristic equation (51.2) we substitute 


z= oa. (51.4) 


The result is a certain new characteristic equation 


where the substitution (51.4) transforms the interior of the unit 
circle in the 2-plane (Fig. 224b) to the left half-y-plane (Fig. 224c). 
Therefore the question of stability of a pulse regulation system 
may be solved by applying any of the criteria known to us for the 
stability of ordinary linear systems (Chapter VII) to the transformed 
characteristic equation (51.5). 

However this method is fairly cumbersome since it requires 
a preliminary transformation, as a result of which the coefficients 
(51.5) are expressed in a very complicated way through the system 
parameters. 

A third method of determining the stability of a pulse regulation 
system is the application of a criterion proposed by Ya. Z. Tsypkin 
in 1948. This criterion is analogous in form to the Mikhailov criterion 
but is applied directly to the initial characteristic equation (51.2). 

Let us derive this criterion by analogy with the derivation of 
the Mikhailov criterion (Sections 27 and 28). We consider the left- 
hand side of the characteristic equation (51.2) 


F(z) = age +a" +... + am- Ham - 
This may be represented in the form 


F(z) = a(z — 21) (#— 2a)... (2— Zm) 5 (51.6) 
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where 2, %,-.-; 2m are the roots of the polynomial F(z). For the 
system to be stable all roots z, should lie within the unit circle. The 
values 

z= ee (51.7) 


? 
correspond to all points of the perimeter of the unit circle (i.e. the 


boundary of stability), where the upper half of the contour (Fig. 225a) 
is traversed as œw varies in the interval 0 < ù < +7. 





Let the pair of complex roots Z,a be found inside the unit circle. 
Then with motion of the point A (Fig. 225b) over the upper semi- 
circle from the position A, to A, the vector B,A = (z—2,) rotates 
by the angle 7+y,+y.. The vector B,A = (z—2,) rotates at the 
same time by the angle r—y,—y,. The sum of rotations of these 
two vectors will be 2x. Consequently, the vector product (z—2,)(z— 2.) 
rotates by the angle 2v. 

Let now the pair of complex roots 2, lie outside the unit circle. 
Then with motion of the point A (Fig. 225c) over the upper semicircle 
from the position A, to A, the vector B,A = (z— z) rotates by the 
angle — (Ya— Y4), while the vector B,A = (z—2,) by the angle +(Ys— Ya) 
The sum of these angles of rotation is equal to zero. 

It is also easily verified that to each real root z, within the unit 
circle there will correspond an angle of rotation of the vector (z— z) 
equal to x while to the real root lying outside the circle, zero. 

As a result we find that with z = e® and 0 < œ < +7 the vector 
F(z), a product of the form (51.6), rotates by the total angle 


e=(m—lI)r, (51.8) 


where m is the degree of the polynomial F(z), i.e. the number of 
all roots, while Z is the number of its roots lying outside the unit 
circle. 

But for the system to be stable it is necessary that all roots lie 
inside the unit circle (l = 0). From this we obtain the following 
formulation. 

For a linear pulse regulation system to be stable it is necessary 
and sufficient that the vector F(e) (Fig. 226a) with variation 
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of w from 0 to x rotate counterclockwise by the angle mr, where m is 
the degree of the characteristic equation (51.2) of the given system 
while F'(e) is the left-hand side of this equation in which in place 
of z we substitute efe. For example, the curve F(e) in Fig. 226a 
corresponds to a third-order stable system. 

The boundary of stability corresponds to passage of the curve 
F(e@) through the origin of coordinates. 


(b) 


1 
i 
1 

l Ti 
i 
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The curve F'(e) is plotted in the following manner. In the left- 
hand part of the given characteristic equation of the system (51.2) 
we substitute e in place of z. The expression 


F(e) = a,(e)™ + a (e)! +... + Ome + Om « 


is obtained. 
The real and imaginary parts are separated using the well-known 
formula e** = coskw+isinkw, which gives 


F(e@) = X(w)+1Y (w), (51.9) 
where 


X (w) = cosmo + 4,608(mM—1) a+... + Gm-1008 0 + On 5 \ 


: : ; (51.10) 
Y (w) = as8inmo + a,sin(m—1)o+...+4m—-18iD® . 


Then various values of w from zero to x are assigned, calculating 
for each the values X and Y from these formulae and the entire 
curve F(e) is plotted from these points in rectangular coordinates 
(Fig. 226a). In complete analogy to the ordinary Mikhailov criterion 
(Section 28), here, on the basis of the condition of intersection of 
the curve with the axes (Fig. 226a), a second formulation of the 
criterion is given: for a pulse regulation system to be stable it is 
necessary and sufficient that in the segment 0 < œ <7 each of the 
equations X(w) = 0 and Y(w) = 0 have m real roots and that all 
these roots alternate (Fig. 226b). Here for the function Y(w) = 0 
the points œw = 0 and w = 7 are considered to be a single root. 
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From the shape of the curve F(e”) (Fig. 226a) it is easily seen 
that in the stable system the point œw = 0 should lie to the right 
of the origin of coordinates while the point œ = x to the left for 
a system of odd order and to the right for a system of even order. 
But e = 1 and e" = —1. Therefore a necessary condition for the 
stability of a pulse system of odd order is: 


F(1)>0 and F(—-1)<0, (51.11) 
while for a pulse system of even order 
F(i)>0 and F(—1)>0. (51.12) 


Satisfaction of these necessary conditions of stability must always 
be verified before proceeding to a complete investigation of system 
stability. This verification is carried out very simply since it requires 
only substitution of the values z = 1 and z = —1 in the left-hand 
side of the characteristic equation (51.2) of the investigated system. 

Let us apply this stability criterion to the pulse temperature 
regulation system considered in Section 50. Its characteristic equation 
has the form (51.3). Consequently, 


F(z) = 2—({1+6-8—ka(1—e-8)}z2+e-2 . (51.13) 

A necessary stability condition (51.12) for the given system will be; 
F(1) = ka(1—e-8) > 0, (51.14) 

F(--1) = 2(1+¢7*)—ka(1—e-*®) > 0. (51.15) 


From the stability criterion the curve F(e) should have in this 
case the form shown in Fig. 227a. To verify this, it is now sufficient 
to find the position of the point A of this curve and require that 
X <0. For this we find from (51.13): 


X(o) = cos2w— {1 + e-8— ka(1—e-*)}eosw+e-*, 
Y(w) = sin2e— {1 +e-"—ka(1—e-8)} sina , 
and from the condition Y = 0 at the point A we obtain 


1+e¢—-8— ka(1—e-*) 


COS OQA = 9 > 





and substituting this in the expression for X(w), we come to the 
required condition 


Ag=—l1+e%<0. (51.16) 


Two conditions (51.14) and (51.16) are always satisfied with 
k>0,a>0 and 8>0, which corresponds to the physical signi- 
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ficance of these quantities according to formulae (50.21), (50.19) 
and (50.23). From the third condition (51.15) we obtain 


1+e B 
ia 2cth 5° (51.17) 


The system parameters should be chosen from this condition to 
make it stable. The graphical representation of the stability region 
(51.17) in the plane of parameters (8, ka) is given in Fig. 227b. 


ka < 2 








Region of stability 





Fig. 227 


Frequency stability criterion. In Section’50 we described obtaining 
the frequency characteristics for the open network with a pulse 
element, where the system is opened as shown in Fig. 222. The 
general formulation of the stability criterion according to Ya. Z. Tsyp- 
kin (Reference 13) is as follows. 

If the ordinary linear part of the system (in open form) is stable 
or neutral, for the closed pulse regulation system to be stable it is 
necessary and sufficient that the frequency characteristic W*(iw*) 
of the open network with a pulse element should not enclose the 
point C(1, 70) with variation of w* from zero to x. In Fig. 223a and b 
are given the characteristics W*(iw*) of the entire open network 
for the cases of stable and neutral ordinary linear parts of the system 
respectively. 

Let us consider the same pulse temperature regulation system 
for which in Section 50 we obtained the frequency characteristic 
W*(tw*) = U*(w*) +1V*(w*), defined by formulae (50.41). Its graph 
has the form of Fig. 223b. Therefore for the given closed pulse regu- 
lation system to be stable it is necessary that the points D and EF 
lie to the right of the critical point C, i.e. that 


Ub>—1 and URZ>-—1. (51.18) 
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The coordinates Up are calculated from the condition V5 = 0, 
which from (50.41) will be; 
oi aah Oh ee 
2(1—coswh) 14+ b?—2b cosuh ; 
from which 
2a—y(1 +b?) 
2(a—yb) 


Substituting this in the first of formulae (50.41) we obtain the required 


Cos wb = 


a— yb 
1—b ` 





UD = kd 


Region of stability 4 
(at given y) 
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The coordinate U$, as is evident from Fig. 223b, is found by sub- 
stituting œ = m in the first of formulae (50.41), namely; 





Y a 
Ut =~1({-;45). 
Consequently, the stability conditions (51.18) take the form 
oe Yogi 
ks io <1 and x (2 r) <1 (51.19) 


where a and b are expressed through the parameters B and y from 
formulae (50.40). These stability conditions are represented graphi- 
cally in the form of the stability region in the plane of the two para- 
meters (B, kò), as shown in Fig. 228, where one part of the stability 
boundary (curve 1) is plotted from the equation 


_ (®-—1)p 
re py’ 
following from the first condition (51.19), while the second part 
of the stability boundary (curve 2, Fig. 228) from the equation 
p= — 2t _ 
py(e+1)—2(er— 1)’ 
which follows from the second condition (51.19) with substitution 


of the inequality sign by the equality sign and the use of expressions 
(50.40). 


CHAPTER XIV 


DERIVATION OF THE EQUATIONS OF NON-LINEAR 
AUTOMATIC REGULATION SYSTEMS 


52. General remarks 


A non-linear automatic regulation system is one which contains 
at least one element described by a non-linear equation. In Section 5 
the classification of non-linear types of elements was given, namely: 

(1) a relay-type element, the possible shapes of characteristics 
of which were given in Fig. 24; 

(2) element with piecewise-linear characteristic (having, for ex- 
ample, any of the forms shown in Fig. 34), as well as elements 
described by piecewise-linear differential equations; 

(3) element with arbitrary curved characteristic; 

(4) an element, the equation of which contains the product of 
variables or their derivatives and various other more complicated 
joint combinations; 

(5) non-linear element with delay, where the delay is understood 
in the sense of Section 45 while the non-linearity may have any form; 

(6) a non-linear pulse element. 

Non-linear elements of the third and fourth types may be linearised 
in many cases as has been done in Chapter VI. Many real curved 
characteristics may be approximately substituted by polygonal, 
consisting of straight line segments, i.e. transferred to the first 
or second type of non-linear characteristics. However it is sometimes 
unavoidable to study curvilinear characteristics. 

Considering this circumstance and the great practical importance 
of the two first types of non-linear elements, we shall give them 
major attention below. Methods will also be given convenient for 
the investigation of curved characteristics, and non-linear elements 
with delay are considered. Non-linear pulse elements will not be 
considered. 

The general method of composing the equations for non-linear 
systems is as follows. Initially, according to the rules of Section 18, 
as was done in Chapter VI, the equations of all elements of the 
system for which it is possible are linearised, except one or two 
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essentially non-linear elements (most frequently one). Then the 
equation is set-up for this last with all admissible simplifications of 
its characteristic. 

The result is a system of ordinary linear equations to which are 
added one or two non-linear ones. According to this the generalised 
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block diagram of any non-linear automatic regulation system with 


a single non-linear element may be represented in the form of 
Fig. 229c, where the linear part may have a structure of any com- 
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plexity (with feedback, etc. as, for example, in Fig. 229a or 229b). 
With two non-linear elements there may be various combinations, 
depending on how they enter into the system (see, for example, 
Fig. 230). 

Frequently in studying non-linear automatic regulation systems 
it is possible to separate the non-linear element in such a way that 
it is described directly by the dependence between the output and 
input quantities; 

2 = F(a), (52.1) 


which may have any form (relay type, piecewise-linear or curved). 
But sometimes, as will be discussed in succeeding sections, this 


Derivation of the Equations of Non-linear Automatic Regul. Syst. 467 


cannot be done and it is necessary to study the non-linear differential 
relations of the form 


F (aq, 8a) = 08, Fy(#,, ta) +F) = 42, , l 
L = F (11, %) , Ly = F,(2,) +F(ċ,) - 


More complicated cases are also encountered, where both quantiti- 
ties (output and input) enter separately into the non-linear function 


Fy(%_, 2a) = Fila), Falta) +F) = Fy(2,) , (52.3) 
or together 


(52.2) 


A F(_,%2,%)= 0, Fm) +Fi(",, 0) = 0 (52.4) 
ete. 

According to this new criterion we divide all non-linear regulation 
systems and servomechanisms into three large classes; 

(1) in the first class of non-linear systems are those in which 
the equation of the non-linear element reduces to any of the forms 
(52.1) and (52.2), i.e. when either only the output quantity (and 
its derivatives) or only the input quantity (and its derivatives) 
enter into the non-linear function. Here it is considered that the 
overall diagram of the system has the form of Fig. 229 with one 
non-linear element or with several, concentrated in a single place; 

(2) the second class of non-linear systems includes such elements 
in which both quantities (input and output) enter into the non- 
linear function, for example in the form of (52.3) or (52.4), where 
the general system diagram has the form of Fig. 229 as before; 

(3) in the third class of non-linear systems are all systems in 
which there are two or more non-linear elements, separated from 
each other by linear parts (Fig. 230). 

We note that in all cases where any linear combination of different 
variables enters into the non-linear function, it should be denoted 
by a single symbol, and the given linear combination taken into 
account in deriving the overall equation of the linear part of the 
system. This occurs, for example, in those cases where derivatives 
are applied to the input of the non-linear element or it is included 
in feedback. Thus, if in Fig. 229b we have 


Ly = F (2, + hz, — kogo) , 
then we put 
Zi + kiżi — ka = By (52.5) 
and reduce the equation of the non-linear element to the form (52.1). 
The overall equation of the linear part of the system is composed 


of all the equations of the linear circuits and linear expressions 
of type (52.5) obtained with the non-linear isolated. 


Qi(p)e, = — Rip) a, , (52.6) 
31 
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where Q,(p) and Rp) are operational polynomials, p denotes the 
derivative with respect to time. 

Let us present examples of deriving the equations of various 
non-linear automatic regulation systems and servomechanisms. 


53. Equations of systems with relay type non-linearity 


Following the remarks made in Section 52, we present several 
examples of equations for relay type non-linear systems. 

Automatic voltage regulation system. Let there exist a shunt 
dynamo (regulated object) with vibrator voltage regulator. The 
simplified schematic diagram of such a system is shown in Fig. 231. 


RW 
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When the contacts K close under the influence of the spring 8 
the resistance denoted by 2r, is cut out of the dynamo field circuit W,. 
The system is calculated so that the voltage U at the dynamo 
terminals increases (with any actually possible load on the network 
fed by the given dynamo). As a result the current J, in the coil W, 
of the electromagnetic relay increases and the relay armature is 
attracted, which opens the contacts K. With contacts K open the 
resistance 2r, is connected in the field circuit. This causes reduction 
of potential V, and thus reduction of the current J, and release 
of the relay, as a result of which the contacts K again close, cutting 
out the resistance 27, from the field circuit. Adjustment of the system 
to a desired nominal value of the regulated quantity V is carried 
out by setting the resistance R,. 

The regulated object (dynamo) is here the same as in Section 24. 
Therefore the equation of the regulated object will have as before 
the form (24.10), i.e. 


(Typ +1) AV = —k,Ar+ (bop +5) f(t) , (53.1) 
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where the time constant T, and the coefficients k, ba, b are defined 
by formulae (24.11), All values of variable quantities and para- 
meters denoted by zero upper indices, including the operating 
point C of the dynamo characteristic (Fig. 120) entering here and 
below, will be related to the relative steady-state process which 
would occur if the resistance of the field winding was constant, 
equal to the mean value 


K = Rtr. (53.2) 
Therefore we should assume in formulae (24.11) 
P =r. (53.3) 


Intending to study the transient processes in the absence of ex- 
ternal perturbations (f(t) = 0), in accordance with (53.1) we write 
the equation of the regulated object in the form 


(Tip +1)AV = — kâr. (53.4) 


The equation of the sensitive element (winding of the electro- 
magnet 2), as in Section 24, has the form (24.20). In this equation 
it is necessary to substitute the quantity A« by AJI,, for which we 
employ the equation of motion of the armature (24.28) in which 
we neglect the moment of inertia of the armature (T,= 0) and 
friction (T, = 0) as small quantities. In the result, we obtain from 
(24.20) and (24.28) the equation of the sensitive element in the form 

(Tip +1)Al, = k,AV, (53.5) 
where 
T? = Ta + kekal? ’ (53.6) 


and the parameters T,, k, ka and T} are defined from formulae 
(24.21), (24.29) and (24.17). The origin for reading the magnitude 
of deviation AZ, in equation (53.5) will be defined below. 

The regulating organ (contacts K cutting the resistance 2r, in 
and out discontinuously) is a non-linear relay type circuit. Its output 
quantity—the resistance r of the field circuit—varies discontinuously 
with operation and release of the relay, i.e. depending on the magni- 
tude of the current I, in the coil 2 of the electromagnetic relay. This 
is represented in Fig. 232a, where I, and I, are the currents of the 
completely closed and open relay respectively. To derive the equation 
of such a non-linear circuit it is convenient to introduce the devi- 
ations AI, and Ar from certain constant values I; and R°. As shown 
in Fig. 232a and in formula (53.2), we assume: 

naeth 14%, R = kitr. (53.7) 
Then the characteristic of the given non-linear circuit in deviations 
takes the form of Fig. 232b, symmetrical with respect to the origin 
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of coordinates. It corresponds to the form 7 in Fig. 24 (relay charac- 
teristic with hysteresis loop). 

In this connection the equation of the non-linear circuit (Fig. 232b) 
will be: 
dAl, 








Ar = 7,-sign(AI,—%i,) with a >0, (53.8) 
Ar = r sign (AT, +i) with ate <0, (53.9) 
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where the expression ‘“‘sign (AI,— i)” denotes the sign of the quantity 
(AI — iù). If formulae (53.8) and (53.9) are expanded in greater 
detail, we obtain (Fig. 232b): 

dI, 


Ar=—r,, when AI,—i,<0 (segment ABC), wath dt ey 
Ar=+r,, when AI,—i,>0 (segment EF) (motion 

to the right); 
ay dl 

Ar=+r,, when Al, +i, > 0 (segment FED), | wun at oe 
Ar=—r,, when AI,+%,<0 (segment BA) (motion 


to the left) , 


where at the points C and D the relay state changes (jumps to points 
E and B respectively). 

Thus, we have obtained the equations of the non-linear circuit 
(53.8)—(53.9) and the equations of the linear part of the system 
(53.4) and (53.5) which, according to (20.2), are combined in a single 
equation: 

(Tip +1)(Typ +1) AI, = —kyk,Ar . (53.10) 

The constant values from which the deviations are read are defined 
by (24.3), (24.19) and (53.7) from the algebraic equations of the 
relative steady-state of the system: 


Vo = (+r) ? (53.11 
3. 
(R+R)R=V°, Rant, 
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using the dynamo characteristics (Fig. 120). It is also possible to 
carry out matching of the fundamental system parameters from 
these formulae. 

Automatic temperature regulation system. Let us consider the 
system whose schematic diagram is shown in Fig. 81 and which was 
described in Section 13. The equation of the regulated object, 
derived in Section 9 for the transient process in the absence of 
perturbations (f = 0) has the form (9.15), namely: 


(Tıp +1)0 = —k%, (53.12) 


where 6 is the deviation of the regulated temperature, & is the 
displacement of the regulating organ (shutters), while the time 
constant T, and the coefficient k, are defined by formulae (9.12) 
or experimentally. 

The equation of the sensitive element (bimetallic plate 2, Fig. 81) 
is written in the form 


(Tap +1)a = kað, (53.13) 


where v is the displacement of the end of the plate 2, sliding over 
the contact plates 7; T, is the time constant defined basically by 
the thermal inertia of the sensitive element. 

The contact block 7 is moved by means of stiff mechanical feedback 
from the regulating organ drive. Consequently, the equation of the 
(stiff) feedback will be: 


Lp = kpk. (53.14) 


The equation of the drive and the regulating organ, as in (50.3), 
will here þe: 


(Tap +1)pE = keV , (53.15) 


where T, is the mechanical time constant of the electric motor with 
reduction gear and damper. 

These four elements exhaust the linear part of the system. The 
electromagnetic relay controlling the regulating organ drive is a non- 
linear relay type element. The input quantity of this element is the 
relative displacement of the bimetallic plate 2 and the shoe 7, equal 
to «—2,, while the output quantity is the voltage V across the 
field circuit of the motor (Fig. 81). We put 


8s =8— Ep. (53.16) 


Noting that the linear part of the system in this case (Fig. 233) 
is an open network with branching, on the basis of formulae (21.27) 
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and (21.28) we obtain the equation of the linear part of the system 
in the form * 


Q(p)s = R(p)V , (53.17) 


Q(p) = (Tip +1)(Tap +1)(Tap +1)p, 
R(p) = — kikik, + hyp(T,p +1)(T2p+1)]. 
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We now derive the equation of the non-linear element (relay). 
Let us take the voltage V applied to one of the windings of the 
motor field 4 (Fig. 81) as positive and the other as negative. The 
voltage is constant in magnitude and equal to some value c. In the 
ideal case the relay will switch instantaneously with passage of the 
quantity s through the zero position (Fig. 234a). 

In reality we have here two basic non-ideal factors. Firstly, about 
the zero position the quantity s has some zone of insensitivity + s* 
(Fig. 234b). Secondly, when the end of the bimetallic plate 2 (Fig. 81) 
is incident on the contact plate, the current I in the control circuit 
of relay 3 increases exponentially (Fig. 234e): 


L 


t 
C — 
I=30-e 7%), T=5, (53.19) 


where L and KR are the inductance and resistance of the control 
circuit. Therefore even with s = s* the relay does not operate in- 


stantaneously but after a time delay +, during which the quantity s 
increases by some value As, (Fig. 234b), where from (53.19) we have 


(4 


es K 
A (53.20) 


t = Tln 


* In the present case blocks 1 and 2 of Fig. 111 correspond to the drive and 
regulating organ of Fig. 233, block II is the regulated object and sensitive element, 
block III is the feedback, while in place of the equation of block IV it is necessary 
to take equation (53.16), taking into account the minus sign existing there with 
application of formulae (21.28). 
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and I, is the current of the completely closed relay 3. With decrease 
in s the relay also does not open instantaneously at s = s* but after 
a delay 7a during which the quantity s reduces by some value As, 
(Fig. 234b). Now the current J in the control circuit of the relay 
decreases exponentially (Fig. 234d): 


t 
eT, (53.21) 
from which we obtain 


(53.22) 
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: (A 
tqa =n with L+L=ğ 
=> with L+ < F (53.23) 


t< with Ie+Io> FR: | 


Thus the magnitudes of delay with relay operation t, and t are 
completely defined and constant during the operation of the given 
system while the quantities As, and As, (Fig. 234b) obviously depend 
on the rate of change of s, i.e. the rate of change of the regulation 
process, and during the transient process they will be variable. Thus, 
in Fig. 234e in the second swing of the oscillation with the same 7, 
and t, the quantities As, and As, will be smaller than in the first. 
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This is the principal difference between the given non-linear 
element and that of the previous example, where the instant of 
switching is not defined by time but only by the value of the input 
quantity (there this role was played by the quantity AI,). 

A non-linear (in the present case relay) element of this type is 
termed a non-linear element with delay (in the present case of relay 
type). Its characteristic has the form of Fig. 234b, where As, and As, 
are unknown and defined by the overall variation of s(t) in the 
regulation process with given delays 7, and t, (Fig. 234e). In Fig. 234b 
it is assumed that |As,| < s*. 

The equations of the non-linear element are written in complete 
form as follows: 


with s > (s*+-|As,|) , it S>0, ) 
V=o=e p 
with s > (s*—|As,|) , it g< 
ith ”"— (. .. ds 
with™—(s*— | As,|) < s <(s*+|As,|), if 7 >0, 
ia k (53.24) 
with (s*—|As,|) > s > —(s*+[As|), if <0, 
i .. a8 
with s < —(s*— | Ase]) , if T >0, 
V=-¢ 5 l 
with s < —(8* + |As,|), if a <0, 
where 


As, = s(t*+7,)—s* with (e 5] >0, 
ds (53.25) 
As, = s(t*+7,)—s* with (e 3) <0 : 


In the ideal case (Fig. 234a) they reduce to the simpler form 
V =c-signs. (53.26) 


If the zone of insensitivity s* is sufficiently small, while the opera- 
tion time of the relay is large, its characteristic may take the form 
of Fig. 234. 

The idealised case taking into account delay is represented in 
Fig. 234g; to this there corresponds the equation 


V =c-sign(s—|s,|) with = ty 


V =e-sign(s+|a,|) with $ <o, 


(53.27) 
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where 
8, = s(f+7), (53.28) 


if + denotes the given total magnitude of delay in the non-linear 
element (as a whole), while #° is the time of passage of the quantity s 
through zero (Fig. 234h). 

In the first rough approximation such a system (but without 
feedback) was considered in Sections 9 and 10 as a relay system with 
hysteresis loop, where operation was defined not by time but by 
a given value of input quantity. We note further that in the presence 
of feedback, according to Section 13 it may be studied roughly as 
an ordinary linear system. Below (in the examples of Chapter XVI) 
this system will be considered in detail as non-linear. 

Automatic torpedo course regulation system. Let us take the simple 
element described in Section 4 (Fig. 26). The equation of rotation 
of the torpedo about the vertical axis (yaw) as the regulated object 
will be written approximately in the form 


where Jọ +¢,) = —¢,6 is the angle of deviation of the torpedo from 
the given direction, J is its moment of inertia with respect to the 
vertical axis, c} is the resistive moment of the medium (water), Cò 
is the rudder moment, dis the angle of rudder rotation. Dividing this 
by ¢,, we obtain the equation of the regulated object in the form 


(Tıp +1)p} = — kò, (53.30), 
where 
J o & 
Mao hag. 


The sensitive element is a three-stage gyroscope, rotating the 
gate valve arm feed of the pneumatic rudder drive by an angle 
equal to the angle of deviation of the torpedo. Consequently, the 
equation of the sensitive element will be: 


s = ke, (53.31) 


where s is the magnitude of gate valve displacement from the neutral 
position. 

We shall consider that the piston of the rudder drive 3 (Fig. 26) 
with open gate valve, rapidly taking on full velocity, instantaneously * 
shifts the rudder from one extreme position to the other. 


* More exactly, in such a small time that the torpedo has not appreciably 
turned, i.e. a time much smaller than the possible period of oscillation of the 
torpedo. 
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In this approximate representation the linear part of the system 
is limited to equations (53.30) and (53.31). The single equation 
of the linear part of the system will therefore be: 

(T,p+1)ps = —hyk,8 . (53.32) 


The rudder drive together with the rudder (drive and regulating 
organ) constitute a non-linear element, the equation of which form 
the above may be represented either in the simplest form (Fig. 235a) 


ò = c-signs; (53.33) 
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or, if there is an appreciable zone of insensitivity (Fig. 235b), in 
the form 


§=0 with eae (53.34) 


S=c-signs with |s|>b; 
or, if the hysteresis loop has an appreciable value (Fig. 235c), 


$=e-sign(s—b) with Tso, | 
d (53.35) 
S=c-sign(s+b) with <9; | 
or, finally, in the idealised case with delay (Fig. 235d) 
ò =c¢-sign(s—|s,|) with a> 0, 
a (53.36) 
3=e-sign(s+([s,|) with = <0, 
where 
s, = S(P +7). (53.37) 


In studying the system as a whole one of these four alternatives 
may be taken depending upon which of them will best correspond 
to the properties of the given relay system. 


54. Equations of systems with non-linearity in the form of dry friction 
and backlash 


We present examples of the equations for non-linear systems 
with dry friction or backlash in mechanical transmission. 

Servomechanism with linear and dry friction. In Section 26 we 
derived equations of a servomechanism in linear form. Let us now 
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consider the case where to the linear friction moment My is added 
a dry friction moment Mas, having a constant magnitude equal 
to some value c, and changing its direction (sign) with change of 
sign of angular velocity of the object 6 (Fig. 236). Consequently, 
the equation of the controlled object (26.1) taking into account 
(26.3) now takes the form 


JË = M,— My— Ma, M, = 0l, My = 623 ’ (54.1) 
where 
My = c- sign with 640, 


y \ (54.2) 
—c¢e SMa < +e with ĝ=0.f 


M y 
If May Myt May 
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An important property of the dry friction consists in that (in 
distinction to relay characteristics) it does not always signify 
instantaneous switching of the quantity My at B =0. Here two 
alternatives are possible: 


1) B=0 and |[M,|>c, 
2) b= and ase 


In the first case the velocity of the object 6 passes through zero 
and its motion will continue without stopping according to (54.1). 
In the second case the controlled object stops, during which the 
quantity Ma, does not switch but changes slowly in the interval 


—e< Ma < +e (or the reverse), where Ma, has always defined 
values 


(54.3) 


My=M, (6=0,{M,|<c). (54.4) 


In this case the motion is renewed only when the rotary moment 
reaches the value |M,| = c and exceeds it. 

If there remains |M,|< c, the system will be stationary. Therefore 
the equilibrium position of the controlled object is indeterminate 
within a certain segment, namely, with any value |M,|< c, i.e. 
in accordance with (54.1) with any value of armature current in 
the interval |I,| < c|e,. This corresponds in turn, as is evident from 
(26.17), to any value |Z5| < c/c,k; and further, according to (26.10), 
(26.11) and (26.14), to any value of error 


he! 


ce 
eae ‘54.5 
YI < ikta psa 
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This expression defines the dead zone of the system. It is ex- 
pressed, as is evident from (26.9), (26.8) and (26.23), in that on the 
one hand, the system will not move with variation of the adjuster 
angle in the interval 


a =7-(8 $ a) (8 = const) (54.6) 


and, on the other hand, that the system will have an error due to 
dry friction, namely, in the equilibrium position we have: 


Iga <B< bya (54.7) 


in place of the required B = k,« as required, where B may take on 
any value in the interval (54.7). With motion of the system to one 
side with arbitrary velocity the dry friction introduces a constant 
error of one sign, such as with f° = ck,/c, in formula (26.28), which 
corresponds to an effective additional external load M? =. 

Thus, the equation of the controlled object as a non-linear element 
of the system from (54.1) and (54.2), taking into account (54.3), 
will have the form 


JË +e +e- signĝ = oI, with 640 or 8=0 and |I,|> Z, 
1 
(54.8) 


B = const with 6 =0 and |I| < <. 
1 


The equations of all the remaining elements of the given servo- 
mechanism, i.e. (26.8), (26.9), (26.10), (26.11), (26.14) and (26.17), 
remain without change in the linear form. Taken together they 
form the linear part of the system, with the single equation 


(Tap +1)(Tap +1)(T,p +1) 
=h(k+k'p)a—[(Lap+1)(Lsp+ kop +k +k'pl8, (54.9) 


where we employ the notation (26.23). This equation may be sub- 
stantially simplified if we neglect (as small) the inductance of the 
motor armature (ie. T,=0) and eliminate the differentiating 
element (i.e. put k’=0 and T, = 0) 


(Tap +1) I, = koka—[(Tap +1) hep +k]p , (54.10) 


where now k = kk,ks: ko. 

Servomechanism with backlash. Let us now assume that in the 
same servomechanism the non-linearity does not consist in dry 
friction but in the presence of backlash in the mechanical power 
transmission between the motor M (Fig. 128) and the controlled 
object. All the backlash is combined in a single resultant backlash 
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and it is represented conventionally in the form of a yoke with 
free play +b. Thus, between the drive and the controlled object 
is now a new non-linear element represented in Fig. 237a, the input 
quantity of which is denoted by i. 

The characteristic of this non-linear element is represented in 
Fig. 237b. Its significance is as follows. If there were no backlash, 
B would be equal to B, and the characteristic would be a straight 
line at an angle of 45°, represented in Fig. 237b by the broken line. 


Lm, 


4 2 
ed 
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As a result of the backlash, with motion towards increase in angle 8 
this line shifts to the right by the quantity b (the pin presses against 
the right side of the yoke). With change of direction of motion the 
pin will first be displaced inside the gap, without moving the yoke 
(B = const). In the characteristic this corresponds to the horizontal 
segment of length 2b (AB or EF or KL, etc., in dependence on the 
actual value of B at this instant). The yoke then begins to move, 
which corresponds to the straight line BC, shifted to the left from 
the origin of coordinates by the value b. 

In equilibrium of the system the pin and yoke may take on any 
relative position within the backlash, with causes the backlash error 
of the system, equal to +b. With motion of the system to one side 
there will be a constant lag of the object due to the backlash by 
the magnitude b, not taking into account the lag caused by the 
load (26.28). 

The previous equation of the controlled object (26.6), including 
the drive, is now separated into two non-linear equations. The first 
non-linear equation of the controlled object with drive will be: 


(TıP t1)ph =k, with 640, | 
(Tip+1)p8, =%&I, with B=0 J 


(with pin pressed against the yoke, and with pin moving freely inside 
the gap, respectively), where T, and k, have the previous values 
(26.7), while Ti is smaller than T, by the magnitude J,:c,, J, is the 
moment of inertia of the controlled object. In addition, it is neces- 


(54.11) 
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sary to write a second equation of the non-linear element with 
backlash, corresponding to the characteristic of Fig. 237b: 


B=6,—-b with 6,>0, 
8=6,+56 with ĝ <0, (54.12) 
B8=const with |f,—8|<b. 


Consequently, the controlled object will lag in its oscillations, corre- 
sponding to the segments AB, CD, ete. of the characteristic of 
Fig. 237b. 

The linear part of the system remains the same as in the previous 
example. Its equation has the form (54.9) or, in the simplified 
case—(54.10). 

Automatic pressure regulation system (taking into account dry 
friction). Let us consider the system (Fig. 117) for which the equations 





Fig. 238 


in linear form were obtained in Section 23. In the sensitive element 
2, 3, 4 the mass is negligible but dry friction may have an appreciable 
value. Therefore the equation of motion of the membrane coupling 
rod (23.14) is written in the form 


P—F,,—F,—F, =0, (54.13) 


where F, is the dry friction force having the constant value c, 
varying direction with change of sign of the velocity 9 (Fig. 238a) 
and taking on various values during the time of stopping, i.e. 


Fr =ce-signy with gy #0, \ 


(54.14) 
—c<Fr<+e with y=0; J 


the remaining notation in formula (54.13) is the same asin Section 23. 

As a result after transition to dimensionless relative deviations 
(23.9) and (23.17) we obtain in place of (23.18) the following equation 
of the sensitive element as a non-linear element: 


b-signy + òy =—9 with 440 or 7=0 and plies (54.15) 
7 = const with |p+dy|<bd, l 
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where the coefficient 8 is defined by formula (23.19) and 


pee (54.16) 
ImPn 

Let’ us plot the characteristic of this non-linear element with 
dry friction in the coordinates (—9, y). It is easily seen that the 
first of equations (54.15) corresponds to the straight lines DA and BC 
with 4 > 0 and 4 < 0, while the second equation (j = const) to the 
segments AB, CD, EF, GH, etc. From comparison of Fig. 238) 
and Fig. 237b it is evident that dry friction in this non-linear circuit 
(without mass) is equivalent to backlash, half of which is equal 
to b (54.16), which cannot at all be said about the dry friction in 
the servomechanism, where the mass (moment of inertia) was taken 

into account. 
All the remaining elements of the system (Fig. 117) form the 
linear part, which is described by equations (23.12), (23.25), (23.26) 
and (23.29). The single equation of the linear part from this will be: 


(Typ +1)(Tep+1)9 = kay (54.17) 
(with f = 0). 


55. Equations of systems with other types of non-linearity 


Let us consider several examples of deriving the equations of 
automatic systems with other types of non-linearities than those 
in Section 54 and 53. 

Automatic aircraft course regulation system with limited-linear 
rudder characteristic. Let us take the aircraft with course autopilot, 





Fig. 239 


described in Section 25 (Fig. 125) the rudder direction cannot deviate 
without limit, it has stops in the extreme positions, corresponding 
to certain values ò = -+53d,. 

The equation of the aircraft (25.8) or (25.10) and the equation 
of the course autopilot (25.26) or (25.28) is left in its previous linear 
form, but, firstly, we shall consider the free motion of the system 
about the zero steady-state (4° = 0, è = 0, fi = fa = 0) and, 
secondly, at the output of the autopilot the quantity è will be replaced 
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by the relative 3,, adding to this the corresponding non-linear rudder 
characteristic of Fig. 239, termed limited-linear characteristic. 
Then the rudder equation as a non-linear element will be: 


8=8, with —3,<3<+3m, | asn 
è = òm- signò, with 8<—8 and 8> +8. i 


The equation of the linear part from the above will consist of the 
aircraft equation in the form 


(Tip +1)(Tap +1)+ kT] p} = —k {Tp +1)8 (55.2) 
or, in a roughly simplified form, 
(Tip +1)p} = — hs (55.3) 
and of the autopilot equation 
(Tsp +1)(Tap +1)p+kp]è: = (kyt kip +kyp)p (55.4) 
(with stiff feedback) or 
(Tap +1)(Lap +1)pù = (ky +k; p + hyp?) (55.5) 


(without feedback), where all the notation are as before (Section 25). 
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Automatic regulation system with non-linear drive characteristic of 
the regulating organ. The regulating organ drive, regardless of 
type (electrical, Fig. 77, 125, 128; hydraulic, Fig. 78; pneumatic, 
Fig. 82, 117), always has, firstly, a certain zone of insensitivity 
at the origin of coordinates (Fig. 240a) and, secondly, a zone of 
“saturation” at the edges. In addition, there may also be present 
hysteresis (Fig. 240d). These two curvilinear characteristics may 
be approximately replaced by piecewise-linear (Fig. 2408, e or c, f, 4). 
Finally, there exist drives with constant velocity (Fig. 240g, h), 
relating to non-linear relay type elements. 
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The zone of insensitivity b, is expressed in that the electric motor 
has a definite minimum starting current (J = b), below which 
the motor shaft will be stationary (Ẹ = 0 or § = 0). In a hydraulic 
motor the slide valve has a so-called zone of overlap (its pistons 
are somewhat wider than the openings covered by them), as a result 
of which they admit the working fluid to the motor cylinder only 
after moving by a certain magnitude $ = by. 

The pneumatic drive is similar, where the role of the slide valve 
is played by the gate valve. The zone of saturation occurs when 
with increase of current above a certain value I = b, the velocity 
of the regulating organ remains constant (Ẹ = ¢ or § =); the same 
occurs for the hydraulic motor with $ > b, when the gate valve 
openings are completely open. 

The terms “saturation” and “hysteresis”? are applied here in 
a generalised sense to denote non-linearities of a definite type; 
they do not necessarily correspond to the physical phenomena of 
saturation and hysteresis. 

The equation of the regulating organ drive taking into account 
the above circumstances, in place of the previous linear form has 
a non-linear form 

p% = Fis), (55.6) 


where F(s) is a non-linear function given graphically (Fig. 240a or d). 
In other notations we have: 
pë = F(I) or pis =F(l). (55.7) 
In the approximate form (Fig. 240b) equation (55.6) may be 
expanded in the following manner: 
p% =0 with —b <8 < +b, 
pe aos k.(s — bı) with +b<s < +b, 
pe = e-signs with |s| > ba. 


(55.8) 


In the presence of hysteresis (Fig. 240d) it is necessary to write 
two columns of such expressions with different values b, and b,, 
one for motion to the right (š > 0) and the other for motion to the 
left ($ < 0). The equations of the relay characteristics (Fig. 240g, h) 
have been considered in Section 53. 

This defines the equation of the regulating organ drive as a non- 
linear element. The equation of the linear part is set up in the usual 
manner in dependence on the specific automatic system in which 
the drive is applied. 

Servomechanism with linear and quadratic friction. In Section 64 
we considered a servomechanism with linear and dry friction, and 
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in Section 26 with linear friction. Let now the controlled object in 
the same servomechanism (Fig. 128) have in addition to linear also 
quadratic friction, i.e. the equation of the object has the form 


JË = M,--M,, M, = 6da, (55.9) 
where 
M, = Cb + ¢,6?-sign 6 (55.10) 


(Fig. 241). Then the equation of the controlled object as a non- 
linear element will be 


JË + eb +b? sigen = el. (55.11) 
My 
oO Q ag 
at 
Fig. 241 


The equation of the linear part of the system in complete form 
will be (64.9) as before, or more simply (neglecting the inductance 
of the motor armature and without the differentiating element), 
(64.10). 

Automatio regulation system with variable gain factor. In a number 
of cases, to increase the quality of the regulation process, it is desirable 
that the input to the regulating organ not be proportional to the 
deviation of the regulated quantity but be amplified or attenuated 
with increase of this deviation (as compared with the linear function). 
Examples of such inputs with variable gain factors may be the 
characteristics with limited linearity (Fig. 239) and with saturation 
(Fig. 240a). However they give decrease of gain factor with increase 
of deviation. We now consider two examples of characteristics with 
variable gain factor on the side of its increase. 

Let the winding of the rheostat 3 in the indirect-acting voltage 
regulation system (Fig. 19) be constructed so that its resistance 
does not vary proportionally to the displacement s of the slide, 
as a result of which its output voltage to the motor armature varies 
non-linearly according to the function shown by the graph of 
Fig. 242a or Fig. 242b. The voltage is not plotted along the axis 
of ordinates in these graphs but the velocity & directly, which we 
consider proportional to the voltage. 
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Consequently, the equation of the regulating organ drive as a non- 
linear element will be in the case of the characteristic of Fig. 242a: 


AE = kys with |s|<b, 
AE = kyb + ky(s-- 6) with s>b, (55.12) 
AE = -kb + ki(s+b) with s<-—h, 


and in the case of the characteristic (Fig. 242b) 

AE = F(s) (55.13) 
in place of the usual linear dependency (Fig. 242e) 

AE = kis. (55.14) 


ast 
(b) at 
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The linear part of the system (Fig. 19) consists of a de shunt dynamo 
(regulated object), the electromagnet 2 with spring (sensitive element) 
and the rheostat 5 (regulating organ). 

The equation of such a regulated object was obtained in Section 24 
in the form (24.10) or (24.13) 


(Typ +1)AV = — kâr, (55.15) 


where T., k, are calculated from formulae (24.11). 

The equation of the sensitive element (electromagnet 2) in ac- 
cordance with (24.20), neglecting the quantity Ta, is written in 
the form 


(Tap +1)Al, = KAY , (55.16) 


where 7, and k, are defined from (24.21). To this it is necessary 
to add the equation of motion of the electromagnet armature 3 
(Fig. 19) 

ms = F,—F,—F, 


where F., F, and F, are the forces of electromagnet, spring and 
damping resistance, and 


F= 6I, PF, =Fyit+es, F, = o%é. 
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From this after transformation to deviations according to the rules 
of Section 18 we obtain 


m = 2¢,T2AI,— 0S — Css , 


where J? is the steady state value of current from which the devia- 
tion AJ, is read. As a result we arrive at the equation 


(Tip? + Tap +1)s = kAl, , (55.17) 
where 
m e 20,13 
Mao) n= ear ee (55.18) 


In simplified form, without mass and damper, this equation will be 
8=k,Al,. (55.19) 

The equation of the regulating organ (rheostat 5) 
Ar = kA. (55.20) 


Thus, the equation of the linear part of the system from (55.15), 
(55.16), (55.19) and (55.20) will be in simplified form 


(Tip +1)(Top +1)8 = —k,kkak,AE . (55.21) 


With this we conclude consideration of examples of deriving the 
equations of various non-linear automatic regulation systems. All 
these examples illustrate cases where the overall layout of the system 
has the form of Fig. 2290 with non-linearities of the first class (except 
the dry friction in the servomechanism in the presence of stops). 
Combinations of these non-linearities may lead to non-linearities 
of the second and third classes (see Section 52). 


CHAPTER XV 


STUDY OF STABILITY AND SELF-OSCILLATIONS IN 
NON-LINEAR AUTOMATIC REGULATION SYSTEMS 


56. Phase trajectories and the Andronoy point transformation method 


In Sections 9 and 10 we have discussed the essential properties 
of processes in non-linear systems which make the question of the 
system stability more complex. Aside from the system structure 
and the values of its parameters, here, in contrast to linear systems, 
the initial conditions also have significance for the stability of one 
or another steady-state process. A new type of steady-state process 
is possible—self-oscillations, i.e. stable self-oscillations with constant 
amplitude in the absence of external oscillatory forces. When self- 
oscillations arise in the system, the steady-state corresponding to 
a constant value of regulated quantity is frequently impossible. 

Consequently, in place of two types of regions in the plane of the 
system parameters (stable and unstable), as in linear systems, there 
may be: (1) a region of stability of an equilibrium state with constant 
value of the regulated quantity; (2) a region of stable self-oscillations; 
(3) a region of instability of the system; (4) many other more complex 
cases. Self-oscillations are not possible in all non-linear systems. 
The region of stability may be such that the system is stable for 
arbitrary initial conditions, i.e. both with small and large initial 
deviations and velocities (to which the equations studied are valid), 
as was the case in linear systems. But there may occur new pheno- 
mena, when the region of stability is such that the system is only 
small-signal stable, i.e. for sufficiently small initial deviations and 
velocities (up to a certain limit), and large-signal unstable, i.e. 
for sufficiently large initial deviations. There may be present simul- 
taneously certain possible stable states, for example a small-signal 
stable equilibrium state and a large-signal stable oscillation. 

Up to now we have studied the stability of linear systems. However 
these linear systems were obtained from real ones by linearisation 
under the assumption of smallness of the deviations of all variables 
from certain steady-state values. With increase of deviations 
the linearised system will be in many cases non-linear. Where 
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instability was obtained in the linear solution, with increase of 
deviations stable self-oscillations may arise in the system as a result 
of essential non-linearity of some circuit (for example, in systems 
with saturation non-linearity). And, on the contrary, where a system 
in the linear solution was stable, with increase of deviations it may 
become unstable as a result of non-linearities; for example, it is 
obvious that if an aircraft with autopilot is stable in altitude in 
the linear solution, with sufficiently great angular deviations in 
the vertical plane as a result of non-linearities of the aerodynamic 
characteristics it may fall on its tail or pass into a nose dive, i.e. 
the flight altitude regulation system which is small-signal stable 
may be large-signal unstable. 

In this section we shall illustrate certain of these properties by 
the construction of phase trajectories for simple second-order systems. 
In this investigation the mutual variation of coordinates and velocities 
in transient and oscillatory processes will be determined, but the 
duration of the process and the magnitude of the period (frequency) 
of oscillation remain unknown. To determine these factors, it is 
necessary to solve in addition the differential equation with respect 
to time. 

Example 1. Let us take an automatic regulation system with 
object without self-regulation and with the regulating organ drive 
having constant velocity. From Sections 22 and 23 the equation 
of a regulated object without self-regulation will be: 


Tap = É; (56.1) 


for a regulator without mass and damper, with stiff feedback, i.e. 
sn = —9, c= n— Ý, C=E, we obtain 


o=—59-8. (56.2) 


The regulating organ drive can have two forms of constant velocity: 
(1) with instantaneous switching (Fig. 240g) in passage of the control 
element (gate valve, jet tube) through the neutral position (c = 0); 
(2) with zone of insensitivity (Fig. 240k) as a result of the presence 
of “overlap” of the gate valve or the jet tube. In the first case the 
regulating organ drive equation will be 
É —c-signe, (56.3) 
and in the second 
—=0 with |ol/<b, | 


, (56.4) 
É =c-signo with |o|>b. | 


Let us take the phase plane (x,y), putting 
L=90, Y=, (56.5) 
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i.e. along the x-axis we plot the deviation of the regulated quantity 9 
and along the y-axis the rate of change of this deviation >. From 
equations (56.1), (56.2) and (56.5) we have: 


1 
E= Tay, c= —ye— Lay ; (56.6) 
Consequently, switching of the drive in the first alternative (o = 0) 
will occur at 
v= —d8T yy, (56.7) 


which corresponds to the straight line AB (Fig. 243a) in the phase 
plane, where from (56.6) the values c > 0 correspond to the portion 
to the left of the straight line AB, while c < 0, to the right. 





On the basis of the first of relations (56.6) and (56.3) with o < 0 
we obtain 
dy _ 





(4 
uT T’ (56.8) 
and from (56.5), 
dx 
a = Yy ; (56.9) 
from which we find the equation of the phase trajectories: 
dy _ c 
de ~~ Tay (56.10) 
or after integration 
a, Ta 2 H 
T=- +6. 


This is a family of parabolae, shown in Fig. 243a to the right of 
the line AB (they are symmetrical with respect to the X-axis). 
Since (56.8) and (56.9) are the projections of the velocity v of the 
generating point M on the ~ and y-axes, we have v,< 0 and the 
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sign of v, agrees with the sign of y. In accordance with this in Fig. 243a 
we indicate the direction of motion of the generating point M over 
the phase trajectories by arrows. By similar means we easily plot 
the parabolae to the left of the line AB. 

As a result, as is evident from the general disposition of phase 
trajectories (Fig. 243a), a stable system is obtained with a damped 
oscillatory transient process. The number of oscillations will be 
finite. In fact, there is a singular segment CD in which all the phase 
trajectories merge. To find the behaviour of the system on this 
segment, we recall that for it, from (56.7) and (56.5) 

t 
Sapte =0 or p= Cre Ta, 


Consequently, the generating point incident on the segment CD 
cannot emerge from it and the system will approach aperiodically 
to the steady-state, i.e. the generating point will slide along the 
segment CD to the origin of coordinates 0. Thus the initial oscillatory 
transient process degenerates after a finite number of oscillations 
into a so-called “sliding’’ process. 

The extreme points of the singular segment CD are obviously 
defined as the points in which the straight line AB is tangent to 
one of the parabolae of the right and left families respectively. 
Therefore, substituting the value dy/dx from (56.7) in expression 
(56.10), we find the point C: 


Ye = È. 


From the pattern of phase trajectories the transient response curve 
p(t) may be found qualitatively for arbitrary initial conditions. 
The initial conditions define the initial position of the generating 
point M and by this define the phase trajectory illustrating the 
course of the process. It indicates (Fig. 243a) the maximum devia- 
tion of the regulated quantity Pmax, the maximum velocity max 
as well as all succeeding deviations, the number of oscillations etc. 

We shall now consider the same system, but taking into account 
the zone of insensitivity. In this case switching of the drive (at 
o=—b and c= +b) corresponds in the phase plane according 
to (56.6), to two inclined straight lines (Fig. 243b): 


e=—sT,y+bs and æ= —òTay— bò. 


Between these lines |ol < b, to the right of them o< --b. to the 
left o >b (with b> 0). 
With |c! <b we obtain from (56.4), (56.6) and (56.5) 


dy _ dx 


at 0, au” 7: 
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from which (with y Æ 0) 


di 


FP or y=; 


(straight lines parallel to the a-axis in the strip AB in Fig. 243b). 

With |o| >b we obtain the previous parabolae. As a result the 
system is again stable and has an oscillatory transient, but in place 
of the singular point 0 we obtain a singular segment (y = 0, — bò < & 
< bë), i.e. the steady-state is not uniquely defined. This corresponds 
to the fact that the regulator may be in equilibrium at any point 
within the zone of insensitivity. Here exactly the same ‘‘sliding” 
process is possible as in the case of Fig. 243a. 

In the present example the system is stable with arbitrary values 
of the parameters and with arbitrary initial conditions. However 
we have carried out here a very rough idealisation of the regulator 
equations (neglecting mass and damping), in Chapter XVI we shall 
see that taking the inertia of the regulator into account may strongly 
change the entire pattern of the process in this system. 

Example 2. Let now in an analogous automatic regulation system 
(Section 22 or 23) the equation of the regulated object have the form 


Tao + Bp =É. (56.11) 


(object with self-regulation). 
The regulator, as in example 1, will be assumed without mass 
and damping, but with stiff feedback, i.e. 


o=—50-8, (56.12) 


while the regulating organ drive is taken in two forms: (1) with 
constant velocity and zone of insensitivity (Fig. 240h), i.e. 


E=0 with |o|<b, | 


j 56.13 
E=e-signoe with jof[>b, | ( ) 


and (2) with variable velocity and a zone of insensitivity (Fig. 2407 
with ke = 1/T,): 
E=0 with joi <b, | 


; 56.14 
T. = o—b.signo with jol>b. | ! i 


The coordinates of the phase plane are taken as before in the 
form (56.5). Then from (56.11) and (56.12) we obtain 


1 
o = —30— (Tab +89) = — (3+8) e- Taw ne 
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The instants of switching the drive c = +b therefore correspond 
to the straight lines 


1/1 b aa 
ne ~(g+8)°# T (56.16) 


The strip AB (Fig. 244a) between these lines corresponds to values 
|o| <b. To the right of the strip c < —b, to the left c> b. 
Differentiating (56.11) with regard to (56.5) we obtain 
de dy B É 


At rand at ~ T,” T Ta i perat 








Fig. 244 


from which we find for the region inside the strip AB, i.e. for |o| < b, 
from (56.13) the equation of the phase trajectories in the form of 
straight line segments: 
dy B nae eae 
de T or eS Sg ed CL, 
where, since v, = dæjdt = y, above the «-axis we have v, > 0 while 
below v, < 0 (these define the directions of the arrows in Fig. 244). 
For the region to the right of the strip AB, i.e. with o< —b, 
from (56.17) and (56713) we obtain 


y Be 


cae eae (56.18) 


This coincides with equation (10.22) in the example of Section 10, 
differing from it only in the notation of the constants. Therefore 
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here to the right of the strip AB the curves should be plotted which 
were plotted to the right of the line EFGH in Fig. 64, as shown 
in Fig. 244a and b. A similar pattern will apply to the left of the 
strip AB, i.e. the given regulation system is stable. The transient 
response is oscillatory for large values of c/@ (Fig. 244a) and aperiodic 
for small c/8, i.e. with a large self-regulation factor of the regulated 
object B (Fig. 244b). 

The steady-state operation of the system may correspond to any 
point of the singular segment CD, which corresponds to the insensi- 
tive zone of the regulating organ drive. At which point of the singular 
segment CD the system will arrive depends upon which phase 
trajectory it traverses, i.e. the initial conditions. 

We shall now investigate the same regulation system but with 
the other regulating organ drive characteristic (56.14). 

With |o| <b we obtain in the phase plane (fc =9,y = 9) the 
same strip A,B, (Fig. 244c, d), as in the preceding case. 

To the right of the strip A, B,, where o < —b, from (56.11), (56.12) 
and (56.14) we have: 


(Lap+8)e =&, 
1 
(Tep+1)& = re eed , 


from which we obtain the system equation 


Tr+PT,. Ad 
at PIs TIETE (56.19) 





This equation coincides with equation (10.6), if we put s = ẹọ 
—b3/(1+ 8). Since here all coefficients are positive, the pattern 
of phase trajectories is obtained either in the form. of Fig. 58¢ or 
in the form of Fig. 60b, depending upon on whether the roots of 
the characteristic equation 


Ta + 8T; 1+ 88 o 


2 — =] 
“Tp, TT, 





are complex or real. The corresponding two patterns are shown in 
Fig. 244c and d. Here the abscissa of the singular point, from the 
above, will be 

7” bs 

= Tas! 


i.e. it concides with the point D, (Fig. 244¢ and d). 

The system is stable in both cases (neglecting the regulator inertia), 
where, in the case of Fig. 244c the transient process is oscillatory 
and in the case of Fig. 244d aperiodic. The singular segment 0,D, 
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as before corresponds to the region of possible steady-states depending 
upon the initial conditions. 

Example 3. The equation of the automatic course regulator of 
a marine torpedo in simplified form has the linear part (53.30) and 
(53.31), i.e. 


T4 +} = -—- kò, s=hy, (56.20) 
and the non-linear element (we take first a single case—I'ig. 235c), 


3=e-sign(s—-b) with &>0,| 


56.21 
S=c-sign(s+b) with &<0.f (90:21) 


We shall show that here the steady-state equilibrium of the system 
with constant value | = 0 is unstable, but a stable oscillatory process * 
will occur. 

Let us take the phase plane (x, y) with coordinates s = Ņ, y = 
(angle of deviation and angular rate of change deviation of the 
torpedo axis from the prescribed course). Equations (56.20) and 
(56.21) are rewritten in the form 


dx dy _ y k 
aH uR T?’ 
§ = c-sign(v— Z| with y>0, (56.22) 
2 


Ò = e-sign(2 +z) with y<0. 

From a comparison of these equations with the simplified equations 
of the temperature regulation system at the end of Section 10 their 
complete agreement is evident. Therefore here, as in Fig. 64, the 
steady-state torpedo motion will be oscillatory where the pattern 
of phase trajectories will have the form shown in Fig. 245a. 

Here the curve AB is the limiting cycle, corresponding to the 
oscillatory process defined by equation (10.23) with such a value of 
the arbitrary constant C, as satisfies the condition 


Ya = YR. i.e. (Y)? = = (y) bs (56.23) 


kz ka 


since just in this case the closed limiting cycle ABD (Fig. 245a) 
is obtained. Finding in this way C, we find the amplitude of oscilla- 
tion a as the value of {x with y = 0, ie. from (10.23), 


a = keTInke+ C,. 


* ttf we had studied here the two other cases (Fig. 235a, b), analogously to 
the previous examples we would obtain stability with respect to the equilibrium 
state  - 0, 
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The values of (56.23) give the amplitude gq of the oscillations in 
velocity y. It is also possible to determine all these graphically 
directly from the drawing (Fig 245a). The period of oscillations 
remains unknown. We now introduce into the characteristic of the 
non-linear element (rudder drive) a zone of insensitivity as shown 





Fig. 245 


in Fig. 245b,c. Thus, on the segment b,b, of the characteristic 
è = f(s) (Fig. 245b) we have 3 = 0 and from (56.22) 


as v Y 
y= T +02, 
which corresponds to the inclined straight lines within the strip 
EFF,E, in the phase plane (Fig. 245b) There is an analogous strip 
HGG,H, in the lower part of the plane. The remainder is filled by 
the same curves as in Fig. 245a. As a result, with increase of the 
zone of insensitivity b,b, the dimensions of the limiting cycle, and 
thus of the amplitude of oscillation, decrease. With b, = 0 the limiting 
cycle degenerates to the point 0. 

With further increase of the zone of insensitivity the character- 
istic of the non-linear element and the pattern of phase trajectories 
take the forms shown in Fig. 245e. Here oscillations are absent 
and a steady-state process with constant value of ~ occurs. The 
previous unstable singular segment F,G has now become stable. 
Further increase of the zone of insensitivity leads to widening of 
the segment FG, i.e. to increase of the steady-state error of the 
system due to an excessively broad region of equilibrium. 

Example 4. Let us consider the vibrator voltage regulator, the 
equations of which were derived in Section 53. We shall employ 
equations (53.4) and (53.5), namely: 


(T,p+1)AV = —Kk,Ar, | 


56.24 
(Tip +1)Aln=IAV, | PEA 
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where the equation of the non-linear clement (regulating organ) 
from (53.8) and (53.9) will be: 


Ar =7,-sign(AI,—i,) with AI,>0, 


; 56.25 
Ar =7r,-sign(AI,+%,) with AI,<0. ( ) 


For the ordinate of the phase plane it is more convenient here 
to take the second variable AI, rather than the rate of deviation 
of the regulated quantity AV, as was done previously. Thus, we 
take for this problem 


u=AV, y=Al,. (56.26) 










LE, - 


za LLR LLRA a 


Fic. 246 


Then the equations (56.24) are transformed to the form 


dx 1 
a7 (£+ k,Ar), (56.27) 
dy 1 
a E (y— kas) , (56.28) 


where from (56.25), (56.26) and (56.28) we have 


Ar =r, -sign(y—%) with y< ka, | 


: : , (56.29) 
Ar =r; -sign (y +i) with y > kat; Í 


the first of these conditions is therefore valid below the straight 
line BB, (Fig. 246) and the second above it. For the former the 
relay switches at y = 4, i.e. on the line CD (Fig. 246), while for 
the latter at y = —i,, i.e. on the line EF. The drawing is made 
under the assumption that kikar > 7. 

As a result we find that above the line EFCD we have 


Ar = 1, (56.30) 
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and below the line EFCD, 
Ar = -r,. (56.31) 


Let us first consider the upper region. For it, dividing (56.28) 
by (56.27) and considering (56.30) we obtain the equation of the 
phase trajectories 

dy Ti y—kax 


y 56. 
de Ti athar, P03) 


which may be represented in the form 


dy _ Ly yt hy kyr — kaw + 1) 


de T «e+khry 





and integrate, applying the auxiliary substitution 
Yk kar, = z(@ + kiri), 


where z is a new variable in place of y. As a result we find the follow- 
ing equation of the phase trajectories (with T, > T?), 


y =ar +B + COle +k) (y>1), (56.33) 
where C, is an arbitrary constant, 
kT, _ kikar, 13 h 


goa T-T. T? ; 9 = T-T Te 5 if — T? > 1 (56.34) 
(with y = 1 the solution will have another form, while with y < 1 
we have «= 0 and 8 <0, which we shall not investigate). 

To represent the entire set of phase trajectories, the straight line 


Wi = arth (56.35) 


may be plotted in the phase plane, and to all the ordinates of this 
line we add 
Ya = Ola tkn) , (56.36) 


giving C, arbitrary values (to each value of C, we obtain a given 
phase trajectory). These will be parabolae of degree y with the axis 


r= -kr (56.37) 


and with a common origin at the point H (Fig. 246), having the 
coordinates 
£ = -— kiri ` y Sas ki kyr, . 


All the branches of these parabolae lying above the line EFCD 
(since the above calculations are valid only there) are shown in 
Fig. 246. The directions of the arrows on the phase trajectories 
obtained are defined by the projections of the generating point 
velocity ve = dxdt which from (56.27), will be negative to the right 
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of the straight line (56.37) and positive to the left; the projection 
of vy = dy/dt, from (56.28), will be negative above the line y = k% 
and positive below (at all points of the straight line y = k,x the 
tangents to the phase trajectories are horizontal). 

We plot similarly all the phase trajectories below the line EFCD, 
since their differential equation differs from (56.32) only by the 
substitution —r, for +7, according to (56.31). 

As a result we see from Fig. 246 that all phase trajectories emerg- 
ing from the singular segment FOC diverge, while all trajectories 
arriving from the edges of the drawing converge. Both sets approach 
asymptotically to the steady-state limiting cycle, denoted in the 
drawing by the heavy closed curve (lens-shaped). This corresponds 
to an oscillatory steady-state process in the system, where the 
dimensions of the limiting cycle ay and ar, represent the amplitudes 
of oscillations of the regulated voltage AV and the current in the 
electromagnetic relay winding AI, respectively. 

The phase trajectory forming this limiting cycle may be defined 
as a curve (56.33) for which 


(©) yori, = ~- (L)y=—i y (56.33) 


which defines the value of the arbitrary constant C,. ‘The value of x 
(56.38) for this curve gives the required amplitude ay. Tho ampli- 
tude ar, is defined as the ordinate of intersection of the curve of 
the limiting cycle with the straight line y = k,x (since, as we have 
seen above, the tangents to the phase trajectories on the points 
of this line are horizontal). 

It is evident from the drawing (Fig. 246) that the limiting cycle 
lies to the left of the point Z and encloses the point C. Therefore 
we have ao <ay<2z,, i.e. the amplitude of oscillation of the re- 
gulated voltage is included in the interval 

h a 


moo v<— 


where « and ß are defined by formulae (56.34). The amplitude of ay, 
will be somewhat greater than å. The period of oscillation is not 
defined. 

Example 5. Let us consider a servomechanism with dry friction 
in the controlled object, for which the equations were written in 
Section 54. The equation of the regulated object (54.8) as a non- 
linear element in the absence of linear friction (c, = 0) has the form 


Jite-signg=o¢J, with 640 on 6=0 and iiss; 


@=const with @=0 and ILl<<. 
` I 
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In writing the equations of all the remaining (linear) elements 
of the system we neglect their time constants (in order to be able 
to consider the equation of the entire system as a second-order 
equation) and we assume that the input device of the servomechanism 
is set to zero (« = 0). Introduction of the derivative into the regula- 
tion function is retained. 

As a result we obtain from (54.9) for the linear part of the system 


L = — (ka +k’) ĝ— kB : 
Substituting this in the equation of the object (56.39) and putting 


c ; Gk G 

a = 7 (ke + k’) « =, bb =F (56.40) 

we obtain the equation of the entire servomechanism; 

6+a,6+4,8 = —b,-signA with 6 +0 or | 
ith @=0 and eet) 

with p=0 and |p| > ae | 
B =const with £=0 and |Bl< 4 (56.42) 

1k 


For the coordinates of the phase plane we take, as usual, 7 = f, 
y = È. The condition y = 0 and |x| < e/e,k for which, from (56.42), 
B = const, ie. the system is in equilibrium, is represented in the 
phase plane by the segment AB (Fig. 247) 

Outside this segment, from (56.41), it is necessary to consider 
individually two cases y = ĝ>0 and y =< 0, i.e. the upper 
and lower halves of the phase plane. With y < 0 we have from (56.41) 


Gtat+tage = b. 


This equation coincides with equation (10.6) with a shift by the 
magnitude x = b,/a,. Consequently, below the a-axis it is necessary 
to plot the same curves as in Fig. 58¢ (if aj < 4a,) or as in Fig. 60b 
(if aj > 4a,), but with shift of the origin of coordinates to the 
point A, as in Fig. 247a and b respectively. 

Similar curves are plotted above the «z-axis, but with shift of 
the origin of coordinates to the point B (Fig. 247), since from (56.41) 
with y > 0 we have the equation 


Gt+a,é+a.¢ = b. 


In both cases (Fig. 247a and b) the system is stable, where in 
the first case the transient consists of a finite number of damped 
oscillations of the controlled object while in the second case we have 
an aperiodic motion. The position of equilibrium of the object is 
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not defined uniquely, the object may stop at any point of the singular 
segment AB (Fig. 247), a8 occured previously in the presence of 
a zone of insensitivity (see Example 1). The singular segment AB 
is defined by the relationships | M,| = |¢,I,| < c, where cis the absolute 
value of the dry friction moment with motion of the controlled 
object. 

We note that the simplification of the system equations carried 
out here has permitted their exact solution but this solution, giving 


Y28 





Fig. 247 


stability of the system for arbitrary numerical values of the system 
parameters, does not fully reflect the actual pattern of phenomena 
in the given non-linear system. 

Example 6. Let us now consider the contact servomechanisimn 
with dry friction (for example, Fig. 6a), differing from the preceding 
in that the rotary moment will now be constant in magnitude and 
changes only sign. Consequently, there will be two non-linearities 
in the system simultaneously: the relay characteristic of the rotary 
moment and the dry friction. The system equations in simplest 
form will be: 


Jb+May = M, , 
Ma; = c-sign§ , | 
M, =—¢e,-sign(B—b) with 6>0, 
M, =—«¢,-:sign(@+b) with 6#<0, 


(56.43) 





if the characteristics of the non-linear elements are such as shown 
in Fig. 248a to the right. Here, since c, > c, stopping as in (56.42) 
cannot occur here. 

Switching of the relay will take place at œ = +b if y >0 and 
at x = —b if y <0, which corresponds to the line ABDE in the 
phase plane (Fig. 248a). It is therefore necessary to consider the 
four quadrants separately: 


Study of Stability and Self-oscillations 501 


1) EDz, where M,=—aq, Mag=ce, 
2) ABz, where M,=—¢,, Ma=-—e¢, 
3) ABF, where M,=¢,, Ma=—e, 
4) EDF, where M,=¢,, May =c. 


For the first of these, from (56.43) the system equation reduce 


to the form : 
JB ETa —(& +e) ’ 





Fie. 248 


while since 8 = x and ĝ = y, we have 








dx 353 dy = = =ate 
a7’) dt J’ 
from which the phase trajectory equation will be: 
sy aie ee p= 29524 Gy. (56.44) 
The corresponding parabolae are plotted in the quadrant ED» 
(Fig. 248a). 
In the quadrant ABs the equation of the system (56.43) will be: 
JB =—-GQ+6, 
which corresponds to the phase trajectories 
y= —2 tat 0z. (56.45) 


Analogously in the quadrants ABF and EDF we obtain the 
parabolae: 





y=? 1 et Oz. (56.46) 
yè = 2S a+ C,. (56.47) 


respectively. 
As we see, the singular segment BD is unstable since the phase 
trajectories emerge from it. It is possible that in the present case 
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the phase trajectories will converge from within and without to 
a limiting cycle as shown in Fig. 248a. Then there will exist a steady- 
state oscillatory process (stable). The amplitudes a, and a; of the 
oscillations of angle ß and angular velocity 6 of the controlled object 
are shown in Fig. 248a. 

Let us verify if stable oscillations will actually exist in this case. 
In Fig. 248a it is evident that for the presence of a closed limiting 
cycle it is necessary that one of the parabolae in the quadrants EDr, 
expressed by equation (56.44), have the ordinate y with v = b equal 
to that for one of the parabolae in the quadrant HDF (equation 
(56.47)), where the abscissae of these parabolae with y = 0 should 
be equal in absolute value and opposite in sign. We obtain on this 
basis the following equalities: 








aj = 24b tO = 294g. 
o= 25a +O, = 25 E (— ap) + 5 


From this, by subtracting the second expression from the first, 
we find: 


s2 axe 





(ag—b) = 2S" (ag +b), 


which gives the ee amplitude of oscillation 








ci—o 
way = = , ae = 2 ot b. (56.48) 


This result shows that actually everywhere where c,>o there 
will exist the limiting cycle shown in Fig. 248a, corresponding to 
steady-state oscillations of the system. In addition, from formulae 
(56.48) it is evident that the amplitude of oscillation is proportional 
to the width of the loop 2b of the relay characteristic and that in 
the absence of the loop (b = 0) oscillations will be absent. 

Let us now turn to the caso where in the same contact servo- 
mechanism the sign of the rotary moment varies according to the 
relay characteristic shown in Fig. 248b at the right, where there 
exists an insensitive zone within which M, = 0, specifically: 


with —b<ß<b and 6>0, 
e —b<B<b, and 6<0, 
with B>b and 6>0. 
with ßB>b and 6<0, 
with B<-—b, and 6$>0, 
lwith B<-—b, and 6<0. 


M, =-a] 


M, = 0 
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Here the equation of the controlled object 


JË +Ma = M,, \ 


: (56.49 
Ma =: c-sign®. | ) 


remains in force. 

It is obvious that the results of the previous solution in the 
quadrants EDz, ABs, A,B,F and E,D,F (Fig. 248b) will be valid 
here. Between these quadrants there appears a new strip, bounded 
by the lines EDBA and E,D,B,A,, which corresponds to the in- 
sensitive zone (M, = 0). For this strip the system equation will 
be from (56.49) 


8 =. with 6>0, 


ae 
J 
” ce P 
ô = — with ĝ<0. 
h J 
This gives the parabolae 


yY =- ot Cy with y>0, 


P= au -F Ce with y<0, 
J 

respectively, the segments of which are plotted inside the strip in 
Fig. 248b. Here we already obtain damped transient oscillations 
with passage to a stable equilibrium corresponding to some point 
of the singular segment B,D. 

The case of the characteristics in the form of Fig. 2480 are studied 
similarly, where again self-oscillations appear. 

Example 7. Let us consider the automatic pressure regulation 
system with dry friction in the sensitive element. From (54.15) 


we have for the non-linear sensitive element the equation 
5y=—o—bsigny with 7~#0 or ġ=0 and |&#+o|=—) 

= —9— bsigny i7 7 |an+ol=5, (56.50) 
n = const with |[iy+el<)d, 


where ò and b are coefficients (Fig. 238b). 
The equation of the linear part of the system from (54.17) will be 
1 1 1 kin 
s+ rac scot Se cu 56.51 
PAR S ETS TT RR 
Here within each period of oscillation in the regulation process 
it is necessary to distinguish the following four stages (Fig. 249a). 


(1) The motion of the generating point over the straight line EA, 
where @ > 0, <0 and equation (56.50) has the form 


Sn = —p +b (@>0, r< P< Pmax); 
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This motion occurs until ọ reaches its maximum value, when 9 = 0, 
4 =0 (the point A, Fig. 249a). 

(2) The motion of the generating point over the straight line AB, 
when » < 0,7 =0 and equation (56.50) has the form 


y = const = nar (<0, mx > o> @pR); 





Fie. 249 


which is valid up to emergence of the generating point onto the 
straight line BD, and consequently, 


1 
B= max — 2b ’ NAB = — g (Pmax— b) : 
(3) Motion of the generating point over the straight line BD, 
where ¢<0,%> 0, and equation (56.50) is written in the form 
òn = —p—b (6 <0, PB>?> Pm); 


this stage terminates at the point p= ẹmm, when ?=0,47=9 
(the point D in Fig. 249a). 

(4) Motion of the generating point over the straight line DE, 
where ¢ > 0,7 =0. From (56.50) we have 


l y = const = yor (@ > 0, Pmn <9 < Ox): 
where 


1 
PE =Pmint2b, Noe = 5 (| ?min| — b) 
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After this the generating point again passes onto the straight: 
line FA and the stages of motion repeat, beginning with the first, 
with the difference that in each new cycle the straight lines AB 
and DE may be higher or lower than those in the preceding cycles. 

The equation of the overall regulation system in the first stage, 
from (56.51) and the equation dy = -—9+8, will be: 


G$+4O+a97 =b, (9 >0, Pmnt2b<% < max), (56.52) 
where we pul 


N ERSA O kb 
a=-ptp STTS STTS 





Analogously, for the second stage, employing the formulae of (2) 
above, we obtain: 


öğ +$ +a = -- by (6<0, Pmax > o> Pmax— 2b), (56.53) 
where 





1 b, = ki(Pmax— b) 


a, = TT, ; 2 -TTS : 
For the third stage 


P taptap =—b (6 <0, Gmax—2b<9< mn). (56.54) 
\‘inally, for the fourth stage the equation of the system will be 


+a +p =b, (>O, Pmn <P < Gmint2b), (56.55) 
where 
= K,(|@min| —-b) 
T,T,s ` 
Let us put « = ọ and y = 9. Then the equation of the first stage 
(56.52) agrees with equation (10.6) except for a shift of magnitude 
æ = b,/a,. As a result, in the first stage we obtain the same phase 
trajectories as in Fig. 58¢ (if ai < 4a,), but with shift of origin of 
coordinates to the point L (Fig. 249b), where 


by 





The first stage, according to (56.52) and (56.55), extends to the 
entire upper half of the phase plane. But since the left-hand boundary 
(P = Qmin + 2b) is still unknown (it becomes known in the fourth 
stage), while the right-hand boundary (p = Pmax) corresponds to the 
value ¢ = 0, i.e. the x-axis, we provisionally plot the above curves 
over the entire upper half of the phase velocity plane (Fig. 249b). 

Similarly for the third stage, as yet not knowing the left-hand 
boundary (p = omex—2b), we provisionally plot over the entire 
lower half of the phase plane (Fig. 249b) curves as in Fig. 58¢, but, 
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in accordance with equation (56.54), with a shift of the origin of 
coordinates to the point F, where 
b, k,b 
tr = Tu = -Eth ‘ 

Let us now plot the phase trajectories individually for the second 
stage. Let us take the points A,, Bi, Ci; D,, E, at the ends of the 
phase trajectories of the first stage (Fig. 249b). The abscissae of 
each of these is the corresponding value Smax = Qmax; Which must 
be used to plot the phase trajectories of the second stage according 
to equation (56.53). We take, for example, the point B, (Fig. 249¢). 
The phase trajectory corresponding to this in the second stage will 
be, from (56.53), that curve taken from Fig. 58c (if a; < 4a,), for 
which we have at y = 0 


Shy , (56.56) 





b k k 
w = amta = Up +y (2b) = (1 + 5) £p 
3 


where æp is taken from Fig. 249b and the quantity b from Fig. 249a. 
This curve is plotted from the point B, below the axis of abscissae 
as shown in Fig. 249¢. The end of this curve, as shown by formula 
(56.53) should correspond to the value ẹ = Ẹmax— 2b or, in the present 
case, & = Xm — 2b. Therefore, measuring off the distance 2b as shown 
in Fig. 249c, we find the terminal point B, on this curve. 

Proceeding in exactly the same way for all remaining points 
(A,, C1; Bı, E,), we plot all the phase trajectories represented in 
Fig. 249c. The locus of their terminal points automatically gives 
us the boundary of the second stage of the motion (broken-line FB, @). 

From (56.55) in the fourth stage the pattern of phase trajectories 
will be symmetrical to the above with respect to the origin of co- 
ordinates 0, where in place of the quantity Smar we will have |@min|, 
which does not alter the situation. 

It now remains to plot all the curves obtained in a single drawing. 
For this we plot the boundaries FG and LN of the second and fourth 
stages (Fig. 249d). In regions II and IV we plot the curves shown 
in Fig. 249¢ and those symmetrical to them with respect to the 
origin of coordinates. In regions I and TII we plot the curves of 
Fig. 249b. 

In Fig. 249d and e are represented two possible forms of joining 
the phase trajectories in all four regions. The first gives a stable 
system with transient in the form of damped oscillations and a singu- 
lar segment FL including the steady-state region (corresponding 
to the segment F,L, of the non-linear characteristic of Fig. 249a). 
In the second form (Fig. 249e) divergent oscillations are obtained 

Close to the singular segment FL, as a result of which the system 


Study of Stability and Self-oscillations 507 


tends to a steady-state oscillation with bounded amplitude (the 
stable limiting cycle, marked in Fig. 249e by a heavy line, corre- 
sponds to the latter). 

It is similarly possible to join the phase trajectories in most cases 
where a; > 4a, or a; > 4a,, employing in place of Fig. 58¢ the corre- 
sponding curves of Fig. 60b. As a result for certain conditions there 
may be obtained regulation with aperiodic attenuated transient. 

The Andronov point-transformation method. Let us illustrate the 
basis of the method by the last example 7 and then in a somewhat 
more general form. 

We take the initial position of the generating point M, somewhere 
in the strip Ox (Fig. 250a). One stage of motion of the system (de- 
noted in Fig. 249 by the region IZ) consists in passage of the gener- 


Stable limit 


(a) j fbh Suele Iate- vie) ijat (d) z, 








Fic. 250 


ating point over the line #G, bounding this stage, to a certain posi- 
tion M, (Fig. 250a). The next stage (III in Fig. 249) transfers the 
generating point to the position M, in the strip OH (Fig. 250a), 
then to the position M, on the curve LN and, finally, M, on the 
initial semi-axis Ow. 

To each position df,(%, 0) on the semi-axis Ux there corresponds 
a definite position of the point M,(a,,¥,) on the curve FG. This 
is termed the point transformation of the semi-axis Oz to the 
curve FQ; in Fig. 249c it is shown how this transformation takes 
place. For briefness we shall term it, for example, the transfor- 
mation S+ (but for our purposes this is not essential). Further 
(Fig. 250a) the point transformation of the curve FG to the semi- 
axis OH, termed E takes place, then the point transformation S7 
of the half-axis OH to the curve LN and the transformation Æ” of 
the curve LN to the initial semi-axis Oz. 

All these as a whole (or, so to speak, the transformation S+ H* S7 E`) 
is termed the point transformation of the semi-axis Ow into itself. 
In the present case this transformation is written in the form 


Ly = F(X), 


where v, and a denote the abscissae of the points M, and M, 
(Fig. 250a). If with arbitrary 2 we find a, < a, there will be an 
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attenuated process in the system while if a, > a, a divergent process. 
If the equality x, = 2% is possible, we obtain in the phase plane 
a limiting cycle which, as we know, may represent either stable 
oscillations or the limit of small-signal stability, or may correspond 
to a singular case of bifurcation (see below). 

In those cases where the general pattern of phase trajectories 
divides into two symmetrical parts, it is sufficient to study only 
half of the entire point transformation. 

In the above example the upper half-plane (Fig. 249) is symmetrical 
with the lower with respect to the origin of coordinates. It is therefore 
sufficient to consider only the first half of the transformation (St B®), 
i.e. the point transformation of Ox to the semi-axis OH (Fig. 258), 
and to express it in the form 


(æa = (2%) (a <0), (56.57) 


where the condition for the presence of a limiting cycle in the phase 
plane will be |#,| = 2 with 2, < 0. 

Let, for example, the function (56.57) have the form of the curve 
shown in Fig. 250b. We plot in this graph further the straight line 
from the origin of coordinates at an angle of 45° to the coordinate 
axes. If it intersects the curve, then at the point of intersection 
we obtain |z,| = a). To determine what type of limiting cycle this 
represents, it is necessary to take the initial point a on the axis 
of abscissae at first to the left and then to the right of the point 
of intersection and to follow the course of the point transformation 
as shown by arrows in Fig. 250b. In this case the process converges 
from both sides to the point of intersection. Consequently, we have 
here a stable limiting cycle corresponding to an oscillatory process 
in the system. In this example the abscissa of the point of inter- 
section (Fig. 250b) gives the amplitude of oscillation. It is easily 
verified that this corresponds to the pattern of phase trajectories 
represented in Fig. 249d. 

It is possible to proceed in a different way. Let us assume that 
the transformation S* from the point M, to M, is carried out fairly 
simply, but it is found that from the point M, thus found the corre- 
sponding point M is more difficult to find than to determine M, 
from a given position of M,. We then pass to the curve FG from 
two sides, taking simultaneously the point M,(a,) on the semi-axis Or 
and the point M{(—2,) on the semi-axis OH and finding the corre- 
sponding points M, and Mj (Fig. 250c). As a result we obtain the 
point transformations of the semi-axes Ox and OH to the curve FG, 
expressed by certain functions 


T = filo) and Hy == fa(£o) . 


Study of Stability and Self-oscillations 509 


Representing this in the form of two curves (Fig. 250d), we analyse 
them in the same manner as the curve and straight line in Fig. 2505. 

Thus, these graphs (termed the point transformation diagrams) 
correspond to stable limiting cycles, i.e. the presence of steady- 
state oscillations in the system. Other possible forms of point trans- 
formation diagrams are shown in Fig. 251. Here Fig. 251a corre- 
sponds to an unstable limiting cycle; it bounds the region of initial 
conditions (2%, Yə) for which the system is stable with respect to 
the steady-state with constant value of the regulated quantity 





Fig. 251 


(x = 0). With initial conditions £o, Yo outside the contour of this 
limiting cycle, the system is unstable (the system is small-signal 
stable and large-signal unstable). 

Fig. 251¢ corresponds to two limiting cycles, of which the smaller 
is unstable and the larger stable. Consequently, with initial con- 
ditions Zo, Yə inside the first limiting cycle, the system is stable 
as in the previous case; for all other initial conditions it tends to 
steady-state oscillations defined by the second limiting cycle. 

This case may degenerate to that shown in Fig. 251b, where both 
limiting cycles merge in a single semi-stable cycle. This type of 
singular case is termed bifurcation. 

Finally, in Fig. 251d and e are shown cases where in the diagram 
of the point transformation the curve |x,| = f (£) does not intersect 
the line plotted at 45° to the axes. This denotes stability (d) and 
instability (e) respectively, for arbitrary initial conditions within 
which the equations of the system are valid. 

We note that the above considerations are only qualitative since 
the time ¢ is absent from them. The course of the process in time 
and the period (frequency) of oscillation remain unknown. To obtain 
a complete solution of the problem it is necessary in addition to 
‘these considerations to solve the differential equations in individual 
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sections with respect to time (as in the method of matching solutions, 
p. 541). Therefore the corresponding time parameter is introduced 
into the point transformation which we shall not consider here. 

For systems of higher than second order, in place of the phase 
plane we deal with the phase space and with the point transfor- 
mations of surfaces rather than lines. New properties of the processes 
arise there. However in view of the excessive complexity of such 
constructions we shall not consider them. 

Method of isoclines. Above we have considered examples of second- 
order non-linear systems for which the phase trajectories were easily 
found by integration of the equations over sections. In those cases 
where integration is difficult, the shape of the phase trajectories, 
if only qualitatively, may be studied by the use of the so-called 
method of isoclines without integrating the equations. Quanti- 
tatively this method has relatively low precision. Its application is 
as yet limited to second-order systems. 

An isocline is a line for which at all points of intersection with 
the phase trajectories, the latter are inclined at a single defined 
angle to the axis of abscissae æ. Thus, if the differential equation 
of the phase trajectories 


4 Sea (56.58) 
is known, to obtain the isoclines it is necessary to put 
The equation of the isocline is thus 
fle, y) =c, (56.59) 


where ¢ denotes the slope of the phase trajectories. 'To each given 
value c there corresponds a single isocline. 
For example, the frequently encountered non-linear equation 
(Reference 7) 
ï — k(l —)i+e = 0; 


may be written in the form 


da Y 7 
y= a gate, 
from which the differential equation of the phase trajectories will be 
dy _ x 
i” A AE ; 


while the equation of the isoclines 


k-z =e. 
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Assuming various values for e (with given k), we plot for each of 
them the curve in the phase plane according to this equation — the 
isocline (full-line curves in Fig. 252). Then along each curve we mark 
arrows at angles « = arctge to the axis of abscissae (in Fig. 252 





FIG. 252 


the values of c are marked on each curve). From these arrows the 
required phase trajectories are derived; some of them are shown 
in Fig. 252 by broken line. In this case a stable limiting cycle is 
obtained, which corresponds to self-oscillations in the system *. 


57. Theorems of Liapunov’s direct method and their applications 


We make the preliminary observation that in describing Lia- 
punov’s direct method, also called Liapunov’s second method, we 
shall employ the differential equations of the automatic system in 
the form (10.1), assuming that they are written for the transient 
process in deviations in all variables from their steady-state values, 
with the new constant values of the perturbation and command 
forces, f = f° and y = y° respectively. Consequently, these equations 
for the non-linear nth-order system take the form: 


dz 

ai 2 NV (a,, Ly En). | 

ia Valtr, X Ln) | 

at BUMI? vg n} i (57.1) 
dx | 

a n(2yy Za, vise Eas | 


* For application of the method of isoclines see, for exainple, V. A. Bodner, 
Avtokolobaniia v sisteme soderzhashchei kompressor (Self-oscillations in a system 
containing a compressor), “‘Inzhenernyi sbornik” (technical symposium), voL VI, 
1950. 
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where the functions X,, X2, ..., Xn are arbitrary and contain arbitrary 
forms of non-linearity, but satisfy always the condition 


X,=X,=..=Xn=0 with m=%=...=a%=0, (57.2) 


since in the steady-state process all deviations of the variables and 
their derivatives are obviously equal to zero by the definition of 
the concept of deviation. 

Further we shall also require the following concepts. 

The concepts of sign-definite, sign-constant and sign-variable 
functions. Let there exist a function of several variables 


Y = V (ay, Loy «005 Da) 


We consider an n-dimensional phase space (see Section 10), in which 
Liz Lay 3 Un are rectangular coordinates (in particular this can 
represent the phase plane with n = 2 or ordinary three-dimensional 
space with n = 3). Then at each point of this space the function V 
will have a certain definite value. We shall require below functions 
V (a, Las p &n) which vanish at the origin of coordinates (i.e. with 
Tı = La =... = Ln = 0) and are continuous in some region about it. 

The function V is termed sign-definite in some region if at all 
points of this region about the origin of coordinates it retains a given 
sign and nowhere vanishes except at the origin of coordinates itself. 

The function V is termed sign-constant if it retains the same 
sign but may vanish not only at the origin of coordinates but at 
other points of the given region. 

The function V is termed sign-variable if in the given region about 
the origin of coordinates it may have both signs. 

Let us present examples of all three types of function V. Let 
n=2 and V=ai+a3. This is a sign-definite (positive) function, 
since V = 0 only when ~, = 0 and #, = 0 simultaneously and V > 0 
for all real values of s, and 2,. Analogously for any n the function 
V = ai+a3+...+2% will be positive-definite while V = — (æi -+ s% + 
+.. +æ) is negative-definite. 

If we take the function V = x? +g} with n = 3, it will not be 
sign-definite since, while it remains positive for arbitrary 2%, Ta 
and q, it may vanish not only with 2, = 2 = 2, = 0 but also for 
any value of ag, if x, = 2, = 0 (i.e. along the entire a-axis, Fig. 253a). 
Consequently, this will be a sign-constant (positive) function. 

Finally, the function V = 2,+-2, will be sign-variable since it 
is positive for all points of the plane to the right of the line 7, = —a, 
(Fig. 253b) and negative to the left of this line. 

We note that in certain problems we require a function V which 
does not: vanish only at the origin of coordinates but on a given 
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finite segment AB (Fig. 253c). Then the sign-definiteness of the 
function V will denote its constant sign and non-vanishing in some 
region about this segment. 
The Liapunov function and its derivative with respect to time. An 
arbitrary function 
V = V (£; Wg, ..-) Zn); (57.3) 


T 





la) 


Fig. 253 


vanishing identically with sm, = £ = ... = n = 0, will be called 
a Liapunov function if for the quantities £, 2, ..., La we take those 
deviations of the variables of the regulation system in the transient 


Lı = M(t), La = T(t), ..., Ln = Malt) , 


in which equations (57.1) are written for this system. 
The time derivative on the Liapunov function (57.3) will be: 


aV aV da, 3V da, oV din 
dt ~ bn, dt * 2m, D Oa at 
Substituting here the values dyz,'dt, ...,dx,/dt from the prescribed 
equations of the regulation system in the general case (57.1), we 
obtain the derivative of the Liapunov function with respect to time 
in the form 
aV aV oe Vv. 
u” m ee -+ oa," , (57.4) 
where X,, X,,..., Xn are the right-hand sides of equations (57.1) 
of the automatic regulation system, constituting prescribed functions 
of the deviations 2, La, ..., Zn. 
_ Consequently, the time derivative of the Liapunov function, just 
as V, is a certain function of the deviations i.e. 


aV 


a W (Eis Las -3 Ln), (57.5) 


where from the properties of (57.2) this function W, as V, vanishes 
identically with %, = T = ... = n = 0. Therefore we may apply 
to the same degree all the concepts of sign-definiteness, sign-con- 
stancy and sign-variability in a certain region about the origin of 
coordinates that were discussed above with respect to the function V. 

Here we have been concerned only with non-linear equations in 
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which the time ¢ does not enter explicitly, since we shall limit our- 
selves to this case below. In general the Liapunov method may 
be applied as well in the presence of the time t in explicit form, 
in particular, for equations with variable coefficients (linear and 
non-linear). 

Basing ourselves on these preliminary considerations, we shall 
give the general formulation of Liapunov’s theorems (References 3, 
19, 25, 37) on stability and instability of non-linear systems and 
shall demonstrate their validity. These theorems are suitable for 
studying the stability of regulation systems not only for small but 
also for large deviations, to the extent that the initial equations 
of the system remain valid. 

Liapunov’s theorem on the stability of non-linear systems. The 
formulation of the theorem is as follows: if the equations of an 
nth-order system are given in the form (57.1) it is possible to choose 
such a sign-definite Liapunov function V(a,, @,...,%n), that its 
time derivative W (£1, 2, ...,%n) will also be sign-definite (or sign- 
constant), but have the opposite sign to V, then the given system 
is stable. With the function W sign-definite, asymptotic stability 
will occur. 

Let us illustrate the validity of this theorem geometrically. For 
simplicity we take a third-order system (n = 3). Equations (57.1) 
for it will be in general form: 


dx 

a = X(t, a, Va), | 

dz. 

a = Xali, Vas Da); (57.6) 
dx, 


uw” Xa(Ti, Ly, Ta) . 
Let us take the positive-definite Liapunov function in the form 
V = a ybe t, (57.7) 


where a,b,c are arbitrarily given real numbers. We shall assign 
to the quantity V increasing constant values V = 0, Ci, Cas Cas ..., 
which signifies: 

a’g? bte = 0, 

ava; + Das + oa = Cy, 

was + bay + 0m = Oa, 


The first of these expressions corresponds to a single point 7, = y 
= # = 0 (origin of coordinates in the phase space), while the remain- 
ing are ellipsoidal surfaces in the phase space, where each successive 
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ellipsoid contains the previous one completely within itself (Fig. 254). 
Let us now take the derivative of the Liapunov function with 
respect to time. From (57.4) and (57.7) 
WV. : ‘ 
a = 20t: X (L1, Loy La) + 2b%mx,-Xo(%,, Lo, L3) + 
+ 207a3-X3(X,, Loy La) = W (Lr, Ley Va) , 


where the functions X,, X}, Xa are taken from the prescribed 
equations of the regulation system (57.6). 


23} 






B), 
cS. 


Fic. 254 


If the function W(2,, £2, #3) thus obtained is negative-definite 
i.e. if 
av 


at all points of the given phase space, except the origin of coordinates, 
where 
dV 


7 0 (with x% = £ = n% = 0), 


then for arbitrary initial conditions as a result of (57.8) the generating 
point M (Fig. 254) will move towards decreasing values of V, i.e. 
will intersect the ellipsoids represented in Fig. 254 from without. 
As a result in the course of time M will tend to the origin of coordi- 
nates 0 of the phase space and cannot emerge from those ellipsoids 
into which it has penetrated. 

But this signifies attenuation with time of all deviations 2, Va, Lz 
in the transient, i.e. stability of the given regulation system. 
We have thus illustrated the validity of the theorem for a third-order 
system (with sign-definite function W). 

From this there follows the validity of the theorem in the general 
case. The considerations remain analogous, only in place of three 
equations (57.6) there will be equations (57.1). As before, for an 
arbitrary positive-definite Liapunov function V (æ, La; .--; a) = C 
we obtain certain closed surfaces enclosing the origin of coordinates 
34 
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(Fig. 254), but now in place of ordinary three-dimensional space, 
in the n-dimensional phase space (sometimes termed hyper-surfaces). 
Therefore if the derivative dV/dt = W (21, z, -.., Zn) is negative- 
definite, the trajectories of the generating point M in n-dimensional 
space for arbitrary initial conditions will in the course of time inter- 
sect these surfaces only from without, which indicates the stability 
of the system. 

If the function W is not sign-definite but sign-constant, it is 
obvious that the trajectories of the generating point Jf will not 
always intersect the surface V = ¢ and may be tangent to them at 
those points where W vanishes (aside from the origin of coordinates). 
But since at all other points of phase space the function W has 
the same sign, as a result of which the generating point may only 
pass the surface V = ec from without, in solving the problem it is 
only necessary to check whether the generating point does not 
“stick” at the point where W = 0 (see example below). 
` Note on the Liapunov stability theorem. In connection with the 
formulation of the Liapunov stability theorem it is necessary to 
make the following two important remarks. 

(1) The theorem concerns the choice of Liapunov function 
V(@,, Lo, +.) 2n). With regulation system equations given in the 
form (57.1) it may be possible to select several different forms of 
the function V, since it is only required to obtain sign-definiteness 
of it and its derivative. Different forms of the function V, satisfying 
the theorem, may give differing forms of the stability condition 
for a given regulation system. Some of these will be broader, others 
narrower; the latter may enter into the former as particular cases, 
etc. 

Therefore, in general, the given Liapunov theorem ensures obtaining 
sufficient conditions for stability, which will not always be necessary, 
ie. in satisfying the conditions of the theorem the system will 
certainly be stable, but these conditions may not include the entire 
region of stability of the system with respect to the parameters. 
In fact, choosing the function V satisfying the theorem we are not 
certain that a second form of the function V cannot be found which 
would more fully include the stability region of the given system. 

Geometrically this signifies that, having obtained a defined family 
of surfaces V = C (Fig. 254) and verifying that the trajectories 
of the generating point M approach the origin of coordinates, inter- 
secting these surfaces from without, we are not certain that there 
do not exist other forms of trajectories of the generating point M 
which at individual points may intersect the given surface from 
inside, but nevertheless in the course of time approach without 
limit the origin of coordinates. These trajectories will correspond 
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to a second family of surfaces V = C, ie. to a different choice of 
the Liapunov function. 

In a number of engineering problems it is possible to satisfy these 
sufficient stability conditions completely. The degree of closeness 
of these sufficient stability conditions to be necessa:y and sufficient 
will depend on the degree of success in choosing the Liapunov func- 
tion V, i.e. this will determine how completely the entire stability 
region of the given system is included. There exist, of course, func- 
tions V (a, %2,...;n) which satisfy the entire stability region. 

(2) To the above formulation of the Liapunov theorem it is neces- 
sary to add that the Liapunov stability concept admits that with 
sign-definite function V its derivative W need not necessarily be 
sign-definite or sign-constant, but may vanish identically over the 
entire phase space involved. In this case, by considerations analogous 
to the above, it is easily verified that the generating point M (Fig. 254) 
will remain for all time on some one of the surfaces V = const, where 
it has been placed by the initial conditions. As a result the system, 
although it will not approach asymptotically to some steady-state, 
will remain for all time sufficiently close to it if the initial deviations 
were small. However such a case does not as yet present any practical 
interest and we exclude it from consideration. 

The Liapunov theorem on the instability of non-linear systems. 
Since the previous Liapunov theorem gives in general only sufficient 
conditions for stability and since, aside from the stability region, 
a non-linear system may have a number of singular regions (see 
the start of Section 56), there may arise the need for the separate 
determination of the regions of instability by use of the following 
Liapunov theorem which gives sufficient conditions for instability 
of the system. 

The theorem is formulated as follows: if with the equations of 
an nth-order system given in the form (57.1) the derivative 
W (a1, Las 3 n)a Of any Liapunov function V (21, a%,...,@n) is sign- 
definite, where the function V in some region adjacent to the origin 
of coordinates has sign identical to the sign of the derivative W, 
the given system is unstable. 

We shall illustrate the correctness of this theorem gcometrically 
as follows. For some given second-order system (n = 2) let there be 
found such a sign-variable function V(#,, 2,) for which the derivative 


aV a ov 

a dy, 21 £a) + an, et 22) = W (21, 22) 

is positive-definite. Let the loci V (x,, £) be distributed in the phase 
plane as shown in Fig. 255, where the loci AB and CD correspond 
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to values V = 0 and separate the regions within which V > 0 and 
V<0. 

Let us take the generating point M as shown in Fig. 255. Since 
there V < 0 and everywhere 


aV 
W = T >0 ; 
the generating point M will move in the course of time and intersect 
the loci V = C, passing from smaller values of C to larger. In this 
it may temporarily approach the origin of coordinates but will 





Fic. 255 


finally diverge without limit from the origin of coordinates. This 
corresponds to a divergent process, i.e. instability of the system. 
The validity of the theorem for systems of any order n may be shown 
by similar considerations in n-dimensional phase space. 

Let us present two examples of application of these Liapunov 
theorems to the study of non-linear automatic regulation systems. 

Example taking into account the non-linearity of the regulating 
organ drive. An example of this type with respect to the system 
aircraft with course autopilot (in simplified form) was considered 
in the work of A. I. Lur’e and V. N. Postnikov in 1944, on the basis 
of the work of B. V. Bulgakov, solving this problem by, a different 
method (see below, Section 66). The block diagram of the given 
automatic regulation system is shown in Fig. 256a. 

Let all the elements of the system be linear, except for the electric 
motor (with reduction gear), for which we shall consider its real 
characteristic (Fig. 256b). It may have an arbitrary curved form 
with a dead zone (with |V|<},) and a zone of saturation (with 
|V| > b). The slope of the characteristic and its curvature may be 
arbitrary, except that the conditions 

aF 


ay 79: F>0 with V>b, and F<0 with V<—b,, (57.9) 


should be observed. It is required to find the stability conditions 
of the given automatic regulation system. 
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The equation of the aircraft as a regulated object in a rough 
approximation according to Section 25 will be 


To+b=—k,8, (57.10) 
where y} is the deviation of the course angle of the aircraft, & is the 


rudder deviation. 
E.D. I 
Free 
gyroscope] 
D. II 
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Fig. 256 


The equations of the sensitive elements (gyroscopes with potentio- 
meters) 


Vi=keb, V= k}. (57.11) 

The feedback equation 
V; = kò. (57.12) 

The amplifier equation 
V = kVa t+ ko Va— kVa. (57.13) 


The equation of the electric motor with gear reduction and rudder 
$= F(V), (57.14) 


where F(V) is given by the graph of Fig. 256b. 
Equations (57.11), (57.12) and (57.13) may be reduced to a single 
one: 
V=kvt+kb—kps, (57.15) 
where 
ky = kzks , k; = kke, kp = kik; . 


To pass to equations of type (57.1) we substitute the new variables 
1 1, 1 
N= pelt Rs m=- | 


ky 1 pp s | 


i (57.16) 
= Tigh; T Tik; tt Tk Tk, ke, 


T3 
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and the dimensionless time 
t 


=: 


T (57.17) 

With introduction of these variables the differential equations 
of the entire system (57.10), (57.14), (57.15) are transformed to 
the form (57.1), namely: 


dav, 

= = — a, + Í (23), 

dat, 

= of (57.18) 
diy 

HE = (y—1)a, + Yy2a— rf (a) , 


where we substitute the constants 


= T= 
Y k; ’ kik: , 
Í (23) = F (Tikik; a) , 


i.e. the function f(z) has the same properties as the given function 
F(V) (Fig. 256b), and differs only in scale along the axis of abscissae 
because of the substitution of the variable V by 2, according to 
the third of equalities (57.16). 

Steady-state flight with this system from (57.10), (57.14), (57.15) 
and the graph of Fig. 256b will occur with 








(57.19) 


and 


è=0, $=0, W<, (57.20) 
v 


i.e. the presence of the dead zone of the motor permits the course 
angle in the steady-state process to have any constant value in the 
limits (57.20). 

In the new variables (57.16) the steady-state flight is defined 
by the values 


%=0, %=0, |al< (57.21) 


by 
Ty ky ky’ 
to which there corresponds an arbitrary point of the segment AB 
in the phase space (Fig. 257a). 

In finding the stability conditions we consider two cases: y>1 
and 0< y<1. 

Case y > 1. Let us take the Liapunov function in the form 


Y-t 


T3 
v= itt J eain ; (57.22) 
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Here the integral will always be positive since the function f(a) 
is odd (see condition (57.9)). Therefore V is a positive-definite 
function if y > 1 vanishes on the steady-state segment AB (Fig. 257). 
The surfaces V(2,,%,,2%) = C enclose this segment (Fig. 2575), 
converging to it with decrease of C. 

Let us compose the derivative of the Liapunov function: 


aV Vda, ƏV dæ, ƏV da, 









wen ah me ae 
(a) LZ (b) Ga 
a] 
iG 
AY 4 Ñ 1G 


te 
1 5h, hohe 
We y 


A QS a 
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where the partial derivatives are taken from (57.22), while the 
derivatives with respect to dimensionless time, from the system 
equations (57.18). Then 


W = —(y—1) ai + (y—1) af (5) — yzf (#3) + 


+f (23) [Cy — 1) a, + y"2— rf (@5)] 
We represent this in the form 


W = —(y-1) Ef (a)— a P— (r — y +1) (f(a) P . (57.23) 


This function W is sign-constant, since it does not include the 
coordinate x, and therefore vanishes not only on the segment of the 
steady-state AB but in an entire strip of width AB in the plane 2%, 
(Fig. 257c). But outside this strip, from (57.23), it will be everywhere 
negative with 

r>y-1, if y>1. (57.24) 


Therefore according to the Liapunov stability theorem expression 
(57.24) is a sufficient condition for stability of the given non-linear 
system aircraft-with-course-autopilot (with arbitrary curvature and 
arbitrary slope of the drive characteristic, having the form of 
Fig. 256b). 

The trajectories of the generating point M will intersect the 
surfaces V = C from without, where W = dV/dr <0. It is only 
necessary to verify whether the generating point M ‘sticks’ at 
a point where W vanishes (outside the steady-state segment AB). 
In the present case we are concerned with whether the generating 
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point remains in the strip (shown in Fig. 257c) where W = 0 if it 
should accidentally be incident on it. 

To answer this question we find the projections of the generat- 
ing point M velocity dx,/dr, dæ, dr, dx,/dt, when the point is at an 
arbitrary location in the strip. Since there 


b 
%=0, lel < TE? f(a) =0, 


the required velocity projections from (57.18) will be 


dary da, dit, 
ae a t T T 


Thus, if the generating point M is incident on the given strip outside 
the segment AB (Fig. 2570), it will not remain in it but will pass over it 
crosswise over a straight line parallel to the z-axis with a constant 
velocity equal to yx,, a8 shown by the arrows in Fig. 257c. Passing 
the strip, the generating point will again intersect the surfaces 
V = C from without, i.e. the given regulation system will be stable. 

The case 0 < y < 1. For this case we take the Liapunov function 
in the form 


l-y 


Vs 





T3 
a+ 5 ae + J Í (ag) dag . 
Its derivative will be 


W= A = —(1— y) — rif (aÈ . 


From this analogously to the above we come to the sufficient condi- 
tion for stability of the system in the form 


r>0, if O<y<1. (57.25) 


General conclusion. The sufficient conditions for stability (57.24) 
and (57.25) obtained in the problem after substitution of the ex- 
pressions for y and r in terms of the system parameters (57.19) 
take the forms 


kp >(Tyky—kj)ky, if ky < Tyky; 
kp >, if k; > Tiky, 
respectively. 
The first of these stability conditions indicates that the transfer 
factor of the feedback must be made sufficiently large if the deriva- 


tive b is not sufficiently intensely introduced into the regulation 
function. From the second of the stability conditions it follows 
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that the system will be stable with arbitrary feedback if the transfer 
factor with respect to the derivative is sufficiently large. 

The fact that these stability conditions are sufficient but not 
necessary is clearly seen from the fact that they are independent 
of the motor characteristics (Fig. 256b), ie. they are the same 
for any curvature, any slope and any dead zone (including a single- 
valued relay motor characteristic with constant velocity as well as 
linear characteristic). At the same time the true stability conditions 
(necessary and sufficient) should depend on the shape of the motor 





characteristic. These stability conditions guarantee that with their 
satisfaction the system will be safely stable. But, in general, it may 
be stable even in some region outside the limits of these stability 
conditions. 

Example taking into account non-linearity of the regulated quantity 
gauge. On the basis of the above Liapunov theorems, M. A. Aizerman 
proved in 1946 that if the system equation contains non-linearity: 


dr, (o), | 
Be TT H Atat + nln +E (vr), 


ax, 
at = Ag, Ly + Aon Lg +... + AgnXn ? (57.26) 


AEn 
u = An, Lı F Anala +... H AnnTn , 


where F(æx) is a single-valued non-linear function, vanishing at 
a, = 0, while k is an arbitrary whole number 1, 2,...,”, for the 
system to be stable it is sufficient if for the linearised system (57.26), 
with substitution F(2,) = ax, the Liapunov function V may be 
constructed with derivative W a negative-definite function for any 
value a in the interval a, < a < @,, if the curve F(z,) lies between 
the straight lines F = a,a, and F = a,2,, as shown, for example, 
in Fig. 258a. 
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In the previous system of aircraft with course autopilot (Fig 256a), 
for example, let the equation of the regulated object have the form 
(57.10), the rudder drive have the linear characteristic $ = kV, 
but the rheostat with sensitive element 1 (gauge of regulated quan- 
tity |) have a non-linear characteristic, as a result of which the 
non-linear autopilot equation 


$= F(b) +h b—kpd, (57.27) 
is obtained, where 


k; = kakek, kp = kıkıkg, 


and F (4) is a non-linear function of the form, for example, of Fig. 258b. 
Let us put 
%=—-3, B=, t=. 
Then the autopilot equation (57.27) and the aircraft equation (57.10) 
take the form (57.26), specifically: 


Ta = Uy 


t= — kpa — kj £a— F (x) , | 


eT (57.28) 
T3 = T, i Lz 


Let us assign the function V in the form 
y = = Zb x +5 baai t3 1 5 a + D430, Lo + D321 Ta + Dog Loy ? 


where all six coefficients b are unknown. We require that the function 


Yi Vv. Vv. 


with fixed value of F(a.) = a% in equations (57.28) have the form 
Wo = — (ait a3 + 45). (57.30) 

Then by equating corresponding coefficients of expressions (57.29) 
and (57.30) it is possible to find all six quantities b from the system 


of six algebraic equations. Below we present the solutions for only 
three coefficients which are required further, namely: 


b= es ’ b = = ’ bi = 2s ’ (57.31) 
where 
D = (Tykp+1) (kot kjk) —aokyT; , 
D, = Ag ky (Tk; +h) + (Like +1)(ao+%) , (57.32) 
Da = Ty o( Tao + kph, — hj) +kp(Tykp+1)]- 
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We then require that the expression (57.29) with substitution 
in equaticns (57.28) of F(a.) = az,, where a = a)+ Aa, have the form 


2 2 2 
W = — (6,8 + Ca£2 + 05.3 + 20181 Le + Zeig Li Vy + Cog Laa) , 
which gives the values 


>= =1, Cg = b,,Aa+1, l 


57.33 
26 = —b,Aa, 2ca=0, 25 =d Aa. J ( ) 


The function W will be negative-definite, as required by the 
condition, if 
Ca>0, Ce — e>), 
Cı CaCa + 2613613 C23 — C3 Cog — CzCis— CaCl > O. 


Taking into account (57.33), these inequalities lead to the follow- 
ing: 
(Aap 402 a— 2 
bi + bis b? + dis 
Substituting here (57.31), we see that this condition is satisfied 
if Aa lies in the interval Aa, < Aa < Aa,, where 








May. = ears (DF VDF DFD), (57.34) 
from which it is evident that Aa, < 0 and Aa, > 0. Here it is also 
required that D > 0. It is not difficult to verify that the last re- 
quirement coincides with the Vyshnegradskii stability criterion 
(29.3) for the given linearised system with substitution F()) = ag) 
(Fig. 258b), since the characteristic equation from (57.10) and (57.27) 
will be in this case: 


Ti + (Ly ky 1)e + (ky + k; ki)z + ak, =0. 


Thus, for this non-linear automatic regulation system to be stable 
it is sufficient, firstly, that the Vyshnegradskii stability criterion 
D> 0 be satisfied for the linearised system with F()) = a} and, 
secondly, that the non-linear characteristic F(p) of the regulated 
quantity gauge lie as shown in Fig. 258b, between the straight lines 
F=a,) and F = a}, where 


&=a+Aa,, d = +A, 


and the values Aa, are defined by formula (57.34) in which the 
quantities D,D,,D,, are expressed in accordance with (57.32) 
through the parameters of the system and the initially assumed 
value of a, with linearisation F (ẹ}) = apy. 
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It is necessary to note that this type of sufficient stability condi- 
tion may be very far from necessary and sufficient (i.e. in essence 
the system may be stable in substantially wider limits, which remain 
unknown). 

The Liapunov method applied here to two examples may be used 
for the study of the stability of a system also taking into account 
non-linearity in other circuits, including the regulated object. 


58. The study of stability in non-linear systems using special canonic 
equations (after Lur’e) 


As is evident from the preceding section, the Liapunov theorems 
are distinguished by a great degree of arbitrariness in the choice 
of the Liapunov function. On its choice depends to a large degree 


(b) O lc) Fto) 
o a 6 4 z o 
F6) Fo) FG) Fig} 
(d) (e) (f) (g) 
o o 4 o—2 o —2 d 
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how fully we include the region of stability of the system, i.e. to 
what extent the sufficient stability conditions obtained will approxi- 
mate to the necessary and sufficient conditions. 

To establish a definite method for investigating non-linear auto- 
matic regulation systems using the L'apunov theorems, A. I. Lure 
(Reference 20) introduced special canonic form of the equations and 
a recommended definite form of Liapunov function applicable to 
certain classes of non-linear systems. 

Let there exist an automatic regulation system with a single 
non-linear element, the input quantity of which is denoted by o 
and the output by f(c) (Fig. 259a), where the non-linear charac- 
teristic of the element may have any of the forms shown in Fig. 259. 
All remaining elements of the system are linear or linearised by the 
rules presented in Section 18. The linear part of the system (Fig. 259a) 
may in general have a structure of arbitrary complexity, including 
multi-loop structures. Three forms of non-linear system equations 
are considered, which we shall analyse individually. 
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First alternative. Let the equations of the non-linear nth-order 
regulation system be given in the form 


Ar = AN + ArNe +... + Oyn-1Mn-1 + 446 , 
He = Aq + ArNe + -.. + Ar, n-1nm-1 + BE , 
Ån- = An- + On-1,2Mo+ ++» F An-n- + bn-15 , 
o = CMa + Cate +.. + On-aNn-r1— 76 5 
b= fey | 


This occurs, for example, for a system with non-linear motor charac- 
teristic in the regulating organ drive, where & denoted the motor 
velocity, o the input to the motor, r is the feedback transfer factor. 
Expressions (58.1) are the general form of writing the equations. 
In concrete problems many of the coefficients ay, b;,¢; may be 
zero, which simplifies calculations. 

For this case we present the derivation of the Lur’e canonic 
equations in simplified form, proposed by A. M. Kats. Writing the 
first (n— 1) of equations (58.1) in the form 


| (58.1) 


(Qu — P) M1 + line +... + G1, n-1Nn-, = — 9, 
anM + (en — D) Yip + «+» + ao n—17n-1 = — BE, 


On—1,11 + An, + <- + (Gn-1,n-1— P) hn- = — bni% 


and transforming them according to (21.33) to a single (arbitrary) 
variable ną(k =1,2,...,n—1), we obtain 


N;(p) 


Nk = ~ Dip) ’ (58.2) 
where the determinant D(p) will be: 
Qu— P, azs -3 Ani 
D(p) = Q, Q — P, s+) Aon- (58.3) 
An-i1) Gnus <-s n-un- P, 


while the expression N,(p) is obtained from D(p) by substitution of 
the kth column by the column 


bi, 
bz, 


bni, 


The polynomials D(p) and N,(p) characterise the properties of 
the linear part of the system. 
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We denote by M, Az, .--, An- the roots of the polynomial D(p) 
and shall consider that they are all distinct. Then equation (58.2) 
after expanding the quotient of the two polynomials N,(p) and D(p) 
in elementary fractions may be written in the form (Reference 48): 


n-1 
TRE INEO) E 
<4 D'N) P>? 








(58.4) 


where D’(d;) denotes the derivative of the polynomial D(p) with 
respect to p, in which we substitute p = j. 
We introduce the new variables 


u= or (p—)y =E (f=1,2,...,n—-1). (58.5) 
P-N 


Writing out these relationships and adding to them the last two 
of equations (58.1), in which the variables », are substituted from 
formulae (58.4) and (58.5) in terms of y;, we arrive at the following 
system of equations: 


ý, =ŅY +É (j =1,2,...,—1), 


s= 5 Byr, E=f(60), ii 
where m 
py = AMM FM ak A (88.7) 
Finally, we introduce the new variables 
y= Yj = 4Y +E (FG =1,2,...,n—-1). (58.8) 


Differentiating all equations (58.6) with respect to time except 
the last, then eliminating from them ¥ and É, we obtain the canonical 
equations for the given system (58.1) in the form 


%=AM+H(s), t= AM,+f(0),..., 
Èn- = n-18n-1 HÍ (0), & = Bie, + Balat (58.9) 
+H- + PBa-i2n— rf (o) (Ln = 0), 


where £i, %,...,%n-, and c are the canonical variables (o plays 
the role of the variable æn). These equations have a substantially 
simpler form than the initial equations (58.1), which permits further 
study in a simpler and more general form. 

It should be noted that the real canonical variables æ correspond 
to the real roots à while the complex canonical variables to the 
complex roots. 


Study of Stability and Self-oscillations 529 


It is now necessary to write only the expressions for the initial 
variables (i, Na; -s Nn-1; E) in terms of the canonical variables 
(£i; Tey ++) Un, C). Let us obtain them. 

If all roots 4, are distinct from zero, then from (58.8) we have: 


y = (7 =1,2,.., 2-1). 


Substituting this in equation (58.4), taking into account (58.5), we 
find the expressions for the initial variables in terms of the canonical 
variables in the form 


n—1 


1 NOE y _N(0) 








z: NAN) p NaO) 
n=- 25 Dy)! DO 


EE E EEE hee N ( (58.10) 


NO Naila) p _ NaCO) 
see a uD Dy °? 


[Sedge Stare 


If one of the roots of the polynomial D(p) is equal to zero, for 
example àn-ı = 0 then 





7 


@j— ° 
Yy = = (j =1,2,..., n—2) and E = fn. 





As a result, in place of (58.10) we obtain the formulae 


n—2 } 











a V MA) os AO 
ESS AnD ATD 
NO 04) N0) 
RES 7 2 dy) =e 2 
No yD) 7 hon 1 D'(0) Yn-1 9 
EE EAE ERTES A E E O bias lo anh oe E (58.11) 
n-2 
Nal) Nn-( 
Nn- = — al pia Xj — hn-18n-1— — al Rig Yn-15 


n—-1 


Ba-1Yn-1 = — Dy: Ps aia (> chit r) En- tS, j 


j=1 
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where 


Mey). 
yD"(04) ° 


h= (58.12) 


j=1 


From the last of formulae (58.11) Yn—; is defined and substituted 
in all the preceding. 

Second alternative. Let the equations of the non-linear regulation 
system be given in the form 


Fy = Ay Nt ANa t -+ An Yat bi f(s), 
Ta = Anhi + lana + «+ don gn + def (0) , | 

MRI Ve can) een e E ten \ (58.13) 
În = Any Nt Ang het + + ann tn + baf (0) , | 

O = CN F Cory + e +OnM - 


Then the canonical equations (Reference 20) in the new variables 
Lis Ley...) Ln Will be: 
% =M% +f (o), 
že = Mm +1(9) 5 (58.14) 


tn = nEn + Í (0), 


where M, àz., Àn are the roots of the following characteristic 
equation of the linear part of the (closed) system: 


| Gy — À, le, -3 Qin 
a la — Vy 0 

D(a) = 219 22 ? 3 Wan =0, 
any, Anz; » amn— À 


with the old variables y;, n2, ---, Nn expressed in terms of the new 
canonical variables %1, £z, ..., &n by the formulae 





__ WM). 
aes 7 D'N)? 
— 1 N2(A;) 

Neo — D(a ) +? 

Nali) 
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where D’(A) denotes the derivative of the determinant D(A) with 
respect to à and 


WA) = Sb: Dal, 


i=1 


NA) = 3): Dal) , 


where in turn D,, denotes the algebraic complement to the element 
in the ith row and the kth column of the determinant D(a). 

The variable c is expressed in terms of the canonical variables 
Ti; Laz 3 Dn in the following manner 


O =Y%+Y2%,+...+YnXn , 


where 
Se N N 
Y = pa GD)? 
q=1 
-N a Nie) 
Ya = 2 Ci Da) ; 





Pee x N (An) 
Yn = > Ci D'(ńn) < 


It should be particularly noted that if in the equation D(A) = 0 
there is a zero root, for example à» = 0, the canonical equation is 
written in a form coinciding with (58.9), specifically: 


4, =1%,+f(c) , 


En. = An Fn +f (6), | 
ó = Bis + B22 +... +Ba2n— rf (o) (En = o) ?, 


(58.15) 


where 
T = — (Yı t Yat -+ Ya) = — (Cid, + eb +... + Cnbn) , 
Bi = Ava» Ba = MY; op Ba = AnYn 


with the remaining notation as before. In the present case the 
canonical variables are 2, 2, ...,@m-, and La = O. 


35 
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Third alternative. If the equations of the non-linear regulation 
system are given in the form 


OD + ay) +o. + Ona + Onin = — KE, 
o = CoN +H A+ Ch +... + Cn- rE, (58.16) 
č = f (0) 


(nth-order system), the canonical equations (Reference 20) will be: 


£, = u% +f (6), 

Ly = MDa +H f (0), 
PEES TA TENE e AE EET (58.17) 
Èn- = nn- +Í (0), 

& = Piti + Balo +.. + Bn-18n-1— Tf (0), 


where A, Ag; 3 Àn- are the roots of the polynomial 
D(a) = AMT ay An- A + Ang A+ An- 
(it is assumed that there are no multiple roots), 


_ _ 1A) _ 1 As) 
b= -ET Ba = KO.) ? ney 


and A(A) denotes the polynomial 
A (A) = Co + CA + Cy? + ... + Cn—g A” . 


The polynomials D(X) and A(à) characterise the properties of the 
linear part of the system. 

The old variable ņ is expressed through the canonical variables 
by the formula 


n—i 3 
T; 
s ee. 
: (> D'N) Ona 
If the polynomial D(A) has a zero root An, = 0 (ie. the constant 
term ay,_-, = 0), the canonical equations retain the same form but 
the expressions for Pi, Ba, ..., Bn, will be: 





AQ) ar Ae) 

mS =! pg Daye 
—_ AO __} 
MASERO taa 


where 
D(A) = A02 -H a An + Ana À + ana, 


while for the old variable ņn we have the expression 


n—2 


—— ed Nile Sy 
d (> D tac) 
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Example. Let it be required to write the canonical equations for 
the automatic motor velocity regulation system considered in 
Section 22 when the hydraulic drive has a non-linear characteristic. 
Let the regulated object not have self-regulation while the regulator 
is fitted with stiff feedback. Then on the basis of Section 22 the 
regulation system equations have the form 


Tod =e, 

Tiit Tetin =p, 

ee eae ene) 
E=f(a). 


The last equation is the non-linear equation of the hydraulic drive, 
where f(c) may have any of the forms represented in Fig. 259. 
Introducing the notation 
M=?P, MWS, WN, 
we rewrite the system equations (58.18) in the form 


T) E 
1 Ta J 
__m _Le 
Ne TÊ Ti” Te” ? 
Ns = Ney o= mÉ, 
É =f (0). 
In this case we have equations of type (58.1), in which 
n=4 b = t & =1 r=i1 
ok ? Le T,’ 3 ? rare ? 
Tr ò 
a = = — a = — — a. = — — = 1 
21 T? , 22 T , 23 T ’ Aaz ’ 


while all remaining coefficients are equal to zero. The determinant 
(58.3) is here: 


=k; 0, 0 
Ty ò Tk ò 
DQ) =|-—= Seay g —— | = —A |X 4 — A+}. (58.19 
W= a V TE ( T? zi) ta 
0, 1, = 


Its roots have the values 
eg ae DRE V Tk 4778 
1,2 2T? " 


The required canonical equations are therefore written in the 
form (58.9) where the coefficients 8,, Ba and Ba are to be calculated 
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according to formula (58.7) since among the coefficients ¢,, C», Ca 

only c, is non-vanishing, we must determine only N,(à) and D’(a). 
From (58.19) we have in this example: 








ate, tS ERs, 1 
N)=gr| Tr Tp |=, 
iy oi, 1 faf; 
Tk 8 
D'A) = 32—244. 
E e 
Consequently, we obtain from (58.7): 
RA ON, a, ae 
Dy) Ta 8724 — 27,2, +8)’ 
Be = — Ns _ Renee e ee 
: OO DO) Lol —3T30.—2T 2g + 8)’ 
8, = Han 5 1 
* DO) Ta’ 
The canonical equations will therefore be: 
tı =Ma +f (o), ža = Met flo), %=f(c), 


ö = Bıı + 2% + Basa — f (0). 


The equations for the old variables in terms of the new variables, 
are found on the basis of formulae (58.11), for which we need to 
know, in addition to the preceding, the values 





Bla a T 
MAa=—7, Ë ° È =z aE al 
T r r 2 2]? 
a 1, L Ta T; T 
AE a 
VQ=—g| To Tl=—- 7a 
a 0, =X utr 


The canonic equations for 
are written similarly, if their 
above classes. For equations 


various concrete non-linear systems 
equations relate to one of the three 
of higher degrees it is necessary to 


have numerically given coefficients of the equations and to calculate 
the roots à by the methods presented in Section 39. 

On the choice of the Liapunov functions. We present here recom- 
mendations for the choice of Liapunov functions after reduction of 
the non-linear automatic regulation system equations to the canonic 
form. We limit ourselves here only to the case where the linear 
part of the system is stable, i.e. all roots à of the polynomial D(p) 
(or D(A)) have negative real parts, where one of them may be zero. 
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Let the system be described by the canonic equations (58.9) 
(or, which is equivalent, (58.15) or (58.17)). Among the n—1 roots A 
let there be s real roots (M, As, ..-, As) and the remaining complex 
(Astis Astas «++ Any). We shall first assume that the characteristic 
of the non-linear branch f(c) has no dead zone and has the form b, d 
or f in Fig. 259 (we shall take the dead zone into account later), 
i.e. f(c) > 0 with c > 0 and f(c) < 0 with c < 0, so that everywhere 
for arbitrary c we have: 


of(s)>0 and | f(c)do>0 (c #0), (58.20) 


with these quantities vanishing only for o = 0. 
It is recommended to take the Liapunov function (Reference 20) 
in the form of the following negative-definite function: 


V= — f f(o)do+ O(a, 2, veg Unt) HE (AX, Aaa, o. 3 An—Ln-1), (58.21) 
0 


where 
1 b 
D(a, Way aey Baa) = — 3 (Aya + Aati +... + Agog) — 


— (C1 Ls+1Ls+2 + CaLergVera +--+ + Cn-et2Un—20n-1) » 


(58.22) 
T < AaLi 
F (021, Azz, +.) An-ni) => evant aa 
— 2 Aa + Ag 


and A,, A:,..., Ags, Cis C3, +, Cn-ste are arbitrary small positive coef- 
ficients. Here it is important that ®,, 7,...,% are real quantities 
while 541) Latas +++) Ln- are complex conjugate, pairwise as a result 
of which 2541, Vs+2 = |Zs+1|? (the sum of squares of the real and imagi- 
nary parts). The numbers @,, ..., @ are real, G41, ...) An-; are complex 
conjugate, pairwise as yet EEDEN 

It is found (Reference 20) that with this choice of the Liapunov 
function V (£i; %,..-;@n-1, €) its derivative with respect to time 
dV /dt = W(a,, Las -3 a13 0) will be sign-definite if the following 
auxiliary system of quadratic equations 





n—1 
= .1 a 
2a, yr — 2a N = +Pi =0 
Ath 
n—1 
a, 
2a, Vr—2a, >’ uth +R =0, (58.23) 
a=1 
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has at least one set of solutions with respect to the unknowns 
Qi, Gy) -3 Anz, Where a),...,@, are real, Asti; ..., Qn, are complex 
conjugate pairwise. 

As a result finding the stability of the non-linear system reduces 
here to determining the conditions for which the quadratic equa- 
tions (58.23) have a solution of the given form. 

With the presence among the roots A,,..., Az, of a single zero 
root, for example An_-, = 0, the Liapunov function (58.21) is written 
in the form 


V =—f f(o)do +O (my, -y Gaz) HE (Q21, ayy -ey Angin) + 
0 


+ 4B nn ’ 
where it is required that Ba, < 0. Equations (58.23) here preserve 
the previous form with substitution of (n—1) by (n—2). 

When the canonical equations of the regulation system have 
the form (58.14), the Liapunov function is taken in the form 
V = O(a, Ley ..+) Dn) HE (Qili, Alo, «+, Any Ln) 
and equations (58.23) are substituted by the following: 





LT Ge 
— 2a, > Fo a ee (58.24) 


CC 





Below it will be shown how to solve equations (58.23) for non- 
linear automatic regulation systems of third, fourth and in part 
fifth orders. For systems of higher order their solution becomes 
very difficult. Therefore for high order non-linear systems a simplified 
procedure for finding the stability conditions may be applied, which 
naturally gives narrower sufficient conditions, but reduces the 
number of equations. This method consists in the following. 

Let one of the real roots à in the canonical equations of the regula- 
tion system (58.9) (or (58.15) or (58.17)) correspond to the negative 
constant B®, say A, and #,. Then the Liapunov function is taken 
in the form 


VY=— f flojdo +4 B2? +0 (2z; ..., Pn) +F (aalo; -e An-12n-1) 5 
0 
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while from equations (58.23) the first drops out completely and 
in the remaining summation with respect to the index « goes from 2 
to (n—1). There is thus one quadratic equation less and one un- 
known a, drops out. 

Finally we note that taking into account the dead zone co of the 
non-linear circuit (Fig. 259c, e, g) does not cause any additional 
difficulties. All calculations remain as before. The entire difference 
consists in that the Liapunov function V will be zero not at the 
point o=0,a,=0,...,%,-, = 0, as before, but on the segment 
o < |Sol, 2, =0,...,%n-, = 0, which now corresponds to a set of 
possible steady-states of the regulation system. The surfaces V = C@ 
will in this case encircle the given segment, as in Fig. 257b. 

Cases where study of stability reduces to analysis of two quadratic 
equations. The investigation of stability of the following non-linear 
automatic regulation systems reduces to analysis of two quadratic 
equations of the type (58.23): 

(a) third-order regulation systems, the equations of which are 
reduced to canonical form (58.9), (58.15) or (58.17); 

(b) fourth-order regulation systems, the equations of which have 
the same form (58.9) or (58.17), but in the presence of a zero root 
of the polynomial D(p) or D(A); 

(c) fourth-order regulation systems with equations of the same 
type as in case a), without a zero root, but with the simplified 
procedure mentioned above. 

The quadratic equations of type (58.23) in these cases take the 
form 


a 2a, 4. 
2a, Vr ose h 0, 
2a,€, as 
g Ip Lan L om 
2a, yr MiM he HBa = 0 


Here the sufficient stability conditions of the system are found as 
the conditions that the solutions of these equations a, and a, are 
real with real à, and A, (and therefore, real 8, and ®, as well) or that 
the solutions a, and a, are complex conjugate with complex A, and A, 
(and 6, and Bə). 
It is shown (References 20) that with the substitutions 
By 2 
Seu age 
9= T (Ay— Ae)? + (81 — Be) (Ar — As) 
Ae ? 

the required sufficient stability conditions of the system will be: 


(58.25) 


[T>0 for %> -7 (58.26) 
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and 


T>2y~-s—yr for $< -5 ; (58.27) 


These conditions are represented graphically in Fig. 260a and b 
for two different values (r = 1 and r = 0). 

These stability conditions are sufficient with any single-valued 
non-linear characteristic f(c) of the type Fig. 259 and are independent 
of its specific shape. 

Example. Let us find the sufficient stability conditions for the 
non-linear automatic engine velocity regulation system for which 
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we have obtained the canonic equations above. This is a fourth-order 
system but with a zero root A,;. From formulae (58.25) we obtain 
for it: 


58.28 
1 Te Th Ce 


TEVE 
al eT, ST?) 


Substituting the quantities T? and 9 from these formulae, we may 
employ the graph of Fig. 260a directly to determine the system 
stability. However it is better to plot the stability region in the 
plane of parameters 








Ty R= 2 i 
YT. Th 





(58.29) 
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For this expression (58.28) must be substituted in the stability 
conditions (58.26) and (58.27) which gives, taking into account the 
notation (58.29), 


Q<1 for R<;, 
— ‘ (58.30) 
Q < pIE for R>5- 


The corresponding stability region of the system is represented 
in Fig 260c. 

Cases where the investigation of stability reduces to thé analysis 
of three quadratic equations. The investigation of the stability of 
non-linear automatic regulation systems reduces to the analysis 
of three quadratic equations of type (58.23) in the same three 
cases (a, b,c) as above, but with the order of the system equations 
higher by unity, i.e. systems of fourth and fifth orders respectively. 

In this case the sufficient condition for stability of the system 
is expressed in the form (Reference 20) 


M3 + N3— Mn?—2 MN +A > (58.31) 
where 
1 
M = 5 (rT gs*(Bs +1 (gi— 29:)] , 


eta v0 (dita a 
N= ap (729) =h I+ gB) , 


and we substitute 


arty feb, 


= Bid T Bods aa Bada ? 


ae Êi 1 Pa Be ay Par. 
ie a E 
with gı, 92, 9a being the coefficients of the characteristic equation 
of the linear part of the system, figuring in the derivation of the 
canonic equations. In the present case (after extracting the zero 
root, if it is present) we have 


B+ GM? + Jor+ =O. 


As before, the stability conditions (58.31) are only sufficient 
and do not depend on the shape of the non-linear characteristic f(c) 
of the types in Fig. 259. Graphic representation of the condition is 
given in Fig. 260d. 

Supplement. Here we have discussed cases where the non-linear 
system is described by equations of type (58.9), (58.15) or (58.17). 
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The number of quadratic equations to which the investigation was 
reduced was less than the order of the system. If the equations of 
the non-linear regulation system reduce to the form (58.14), the 
number of quadratic equations will be equal to the order n of the 
system. But the equations will have in this a somewhat simpler 
form (58.24) in view of the absence of the quantity r. 

Comparing equations (58.24) with the preceding (58.23), we con- 
clude that for a second-order non-linear system (58.14) all the above 
is valid for the case of two quadratic equations if we put r= 0 
(Fig. 260b) and in formulae (58.25) we substitute B, and Ba by Yı 
and y 

For a third-order non-linear system (58.14) it is possible to apply 
the above case of three quadratic equations, putting r=0 and 
substituting By, Pe, Bs bY Yi» Yas Ys- 

Finally, for the fourth-order non-linear system (58.14) the suf- 
ficient stability conditions are obtained (Reference 20) in the same 
form as inequality (58.31) with the additional conditions: 


Ydi F Yade t Yas + Yas > 0, 


Yh Ye, Yo, Ye 
Roe a TR 


where in inequality (58.31) the quantities M and N have the follow- 
ing values: 
1 
M=7( 03 Cagis) *9[04(gi — 292) — Cs] , 


1 
N = —F (0, 29T Cx(2guge— i) + Cugi)» 
where 
Ch = Yura + Yere+ YsAa+ YaM » 
Ya, Ya, Ys, Ys 
Oi Ay Ag Pad Ve 
C3 = Yai + Yar + Yad T Yah ’ 


Yı , Yo, Ya , Ya 
6,=%42%4R4% 
aie thay Cay eae 





and the quantities g,, 92,93, 9, are the coefficients of the charac- 
teristic equation of the linear part of the system D(d) = 0, which 
in this case has the form 


MHARI + YsrA+ Jy = 0. 


In the last two sections we have presented only the basic ideas 
of the methods of studying stability of non-linear systems using the 
Liapunov theorems and only the simplest results, having the form 
of final calculational formulae of a more or less general character 
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and which may be of practical interest in the study of stability of 
certain non-linear automatic regulation systems. 

In general the Liapunov theory gives the most general methods 
for studying the stability of non-linear systems, including the sta- 
bility of periodic processes, which requires special study. It will 
without doubt find further widely varying applications in the future. 
In this question there are as yet many difficulties. An important 
field of application of this theory is the investigation of the sta- 
bility of linear systems with time-variable parameters. 


59. Determination of self-oscillation in relay systems by the method of 
matching solutions : 


Above, in Section 56, using the phase plane we have demonstrated 
self-oscillations of certain second-order non-linear systems. Earlier, 
at the end of Section 9, we have studied oscillations in a second- 
order relay system by the method of matching solutions. However 
for relay systems of arbitrary order an exact analytic solution also 
exists (but not for other non-linear systems), since the relay charac- 
teristics are simpler than other non-linear characteristics in that 
the output quantity takes on only defined constant values +¢ 
(and in the presence of a zone of insensitivity also the value zero). 

We present here the solution of A. I. Lur’e for a relay system 
or arbitrary order by the method of matching solutions, in the 
simplified presentation of A. M. Kats, assuming that the equations 
of the automatic regulation system have the initial form (58.1) 
and have already been reduced to the special canonic form (58.9) 
as shown in Section 58, i.e. to the form 


i =),2,+f(0), | 

Ža =).%+f(s), 

SMe ares merit ea hes (59.1) 

Fn = An-12n-1 +f (co) , 

& = Bye, + Palo +... + Pn-18n-1— rf (0), 

where f(c) denotes the given relay characteristic. For example 
this is the form taken by the equations of an automatic regulation 
system with a constant velocity regulating organ drive (an electric 
or pneumatic relay turns on the drive to full velocity immediately 
on one or the other side). 

Let us consider the case where the relay characteristic has a hys- 
teresis loop without insensitive zone (Fig. 261). In the particular 
case b = 0 this will be an ideal relay characteristic. The required 
oscillations are assumed symmetrical, i.e. the second half of the 
oscillation period repeats the first with reversed sign (unsymmetrical 
oscillations may be encountered only in rare cases). 
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Let us denote the half-period of oscillation by T. In the course 
of one-half period, when c>0 and, from Fig. 261, f(c) =e, 
equations (59.1) have the form 

t; = — àt; + e (j =1,2,...,n— 1), 
n-1 

6= > Bjæz;— re. 
j=l 





Fig. 161 


If the roots A; do not vanish, the general solution of these equations 
will be: 
an e M a 
oy = — yt C6 (j =1,2,...,m—1), 
? 


n—-1 n—-1 
a B; NT CB agt 
o = (> rs ae, X et +Cn, 


where C1, Ca, ..., Cn are arbitrary constants of integration. They 
are defined from the conditions of periodicity, expressing the fact 
that at the end of the half-period of oscillation each variable should 
be equal to its value at the start of the period with opposite sign, 
namely: 

x;(T) = —a; (0) (j=1,2,..,u—-1), 

a(T) = —a(0), 
if the time ¢ is read from the origin of the given half-period of oscil- 
lations. As a result we obtain: 


Or Fae?) (j =1,2,...,m—1), 

o \B G Bate?) 

n ei E Zin TY 

O= 5D, bee Pad 2h; 
a= 


Consequently the above solution takes the form 





c Det , , ] 
8 = a com) (j =1,2,...,n—1), 
Te T 8 2 age (59.2) 
=—6¢ 2i ee SL (1—4 J|: 
: lè Ti }( Ae al 1+” 


in the time interval 0 < t< T. 
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At the start of the half-period (at the moment of switching the 
relay) we have from Fig. 261 c = b. Substituting this in (59.2) we 
obtain the equation for finding the — of oscillation T: 


be +e -S amn ~~- =, (59.3) 


The period of oscillation will be 2T. Consequently, the oscillation 


frequency 
2n T 
oO = oT = T . 

It must be noted that for relay switching to occur, it is necessary, 
according to Fig. 261, for the quantity c at c = b to be increasing, 
i.e. it is necessary that ¢> 0 at this instant. From this we find 
that it is necessary to satisfy the following switching condition: 


n-1 


B; AT 
EAA gitani < 0. (59.4) 
In addition, reverse Ea of the relay should not occur within 
a half-period, i.e. we require c > —b with 0 < t< T. This may be 
verified, plotting the curve c(t) according to the last of formulae (59.2). 
The amplitude of oscillation is found for any of the variables 
as its maximum value within the half-period (0<t< T) on the 
basis of formulae (59.2). The latter also give the entire curve of 
oscillation in the segment 0<t< T (in the second half-period it 
repeats with reversed sign, then with the original sign, etc.). 
If one of the roots à; is equal to zero, for example àn-ı = 0, formu- 
lae (59.2), (59.3) and (59.4) are substituted by 





(St-a A 


1B; 2 Azt Bn- 1 
Bi f1 s) 4 Peart 
+d, a LEAT? )+ 2 | |, 
j= 





n—2 
F \) Bi yT Bn- T iT 59.7 
go i tanh“ <0. (59.7) 
J= 


respectively. 
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The stability of oscillation is defined on the basis of the equations 
of the given system in small deviations from the given oscillatory 
process. These equations are linear equations with periodically 
varying coefficients. According to the Liapunov theory (presented 
without derivation) the necessary and sufficient condition for stabi- 
lity of oscillation is the negativeness of the real parts of all roots 
of the following characteristic equation: 





Aj in 
not z—tanh—— 
: 
2 Fitanh E Ei e =r, (59.8) 
f 1—gtanh tt 
2 
while if àn- = 0, then 
XT 
n-2 z—tanh—— 
Y Bi tanh 2g et veer (59.9) 
TTA i 1—etanh 4T s 


where by 2, a8 everywhere above, we denote the variable of the cha- 
racteristic equation. 


Example. Let us consider the system aircraft with course-autopilot 
(in simplified form) which was considered in Section 57, except 
that the characteristic of the rudder drive will be taken in the relay. 
form of Fig. 261. In Section 57 we obtained the condition of system 
stability on the basis of the Liapunov theorems (system stability 
with respect to the steady-state with constant value of course angle). 
Here we shall seek the self-oscillations and the conditions under 
which they occur. 

The equations of the aircraft and autopilot, from (57.10), (57.15) 
and (57.14) will be written here in the form 


T$ +Ņĵ = — kč , 
o = kp tki- kpt, (59.10) 
E=f(c), 


where is the deviation of the aircraft from the prescribed course, 

E is the rudder deviation, c is the control force on the rudder drive 

(the derivative is introduced into the regulation function and feed- 

back is present). Let the last of equations (59.10) be represented 

by the graph of Fig. 261 (the rudder drive has constant velocity). 
Putting 


b = Ths Ù = te,» (59.11) 
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we bring equations (59.10) to the form (58.1), namely: 


Ni =—qu—p E 





Ña = M; 
o = kim t kyha— kpb , 
é = f(6). 
Consequently, in equations (58.1) in this case we have: 
1 k 
an =- Ay, = 0 b =- 
11 T; ? 12 ? 1 T ?, 
aa =l, an =0, b=0, 
= ky, Ca =ky, rok. 
The determinant (58.3) is here 
1 
-mP 0 1 
Di =| Tene =(7+0)p, 
| 1, —p 
and its roots 
1 
Ay ma TT 9 Aa — 0 


Calculating N\(p) and N,(p) according to the discussion of for- 
mula (58.3) and the derivative D’(p) and the coefficients B1, Ba, Ris hs 
from formulae (58.7) and (58.12), we obtain 


k k 7. 1 
Nip) = GP, Mip)=qs Dp) =F +2, 


k: 
h= h(t -?), Be = —kyhy, h =k, hı = — k, T,. 


As a result the canonical equations (58.9) will be: 
fy = — Fm + (o) 
LF, Ti 1 ? 
t= f(s), 


k- 
ee (r)a titeket) À 


(59.12) 





while the expressions (58.11) for the previous variables 7, 1a; E in 
terms of the canonical variables 2, and a, have the form 


M = kit — kit , 


ha = —h Tit, +h, Ti e,—k ys , 


k: 
— Key kyya = n T(r 7) w+ (kik; — kı Tikytkp)t +o. 
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Substituting y, from the last equation in the second and employing 
(59.11), we obtain the following expression for the initial variables 
in terms of the canonical variables: 


$ = k(t — 2) , E = Me, 


1 59.13 
ý = Boe ky kya, + (kik; + kp) a, + o] r a ) 





Further, from (59.6) we write the equation for finding the half- 
period of oscillation: 


m 


k: T : iy b 





T, oT 
or 
T ba T 
(a) og g hyg) (59.14) 
where we put 
ky K 
Jaaha, 9.15 
"= Tk j ee 


The left-hand side of equality (59.14) is represented by the straight 
line AB (Fig. 262a) and the right-hand side by the curve OD. The 
point of intersection is the solution of equation (59.14). From the 
graph of Fig. 262a it is evident that equation (59.14) has a solution 
only under the condition 


—-o<a<l1, (59.16) 
where we have 
0<T<o. 


With «> 1 the straight line AB does not intersect the curve OD, 
which signifies the absence of oscillation for these values of «. 

Eut aside from equality (59.14) it is also necessary to satisfy the 
switching condition (59.7), which in this case will be: 





k; T kik,T 
knthi (hy — z) tanh a-g 
or 
T IykyT 
T E ee a<0. (59.17) 


Consequently, if the value of « lies in the interval (59.16), but 
condition (59.17) is not satisfied, there will be no oscillation in the 
system. 
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To study the stability of oscillation we write the characteristic 
equation (59.9). It takes here the form 


T 
T 2 +tanbgy kı kyT 
OT, <, a i 


T 
1 4-2ztanh oT, 





k; 
kı Tif ky ) tanh z= kp. 


Ti 2 


= 


The case 1+ztanh(7/27,) = 0, when the denominator vanishes, is 
not real. Therefore, considering 1+ztanh(Z/27T,) #0, we reduce 





| eae 


M 
# 
Fic. 262 


this equation to a common denominator, employing the notation 
of (59.15), which gives: 


kykyT 1 kika T T 1 T] 





Since this characteristic equation is of second degree, for stability 
of the investigated oscillations it is necessary and sufficient that 
all its coefficients be positive. The coefficient of 2? is positive. The 
coefficient of z, from (59.16) is also positive. Therefore the condition 
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for stability of oscillation reduces to positiveness of the constant 
term of this equation, i.e. 





kky I! je r. 
er +1 oth a T thay > 0. 


From this, considering (59.16), we conclude that these are two 
regions of stable oscillations 


ee eae Ne (59.18) 








(59.19) 





where, with initial conditions leading to deviations greater than 
the amplitude of the periodic solution, divergent oscillations are 
obtained in the system. 

The condition « < 0, for which stable oscillations always occur, 
according to (59.15) signifies 


ky > Mikya (59.20) 


i.e. the unstable system (59.19) may be brought to a stable oscil- 
latory system by increasing the intensity of introduction of the 
derivative into the regulation function according to (59.20). Here 
it is necessary to choose the system parameters such that the ampli- 
tude of oscillation is sufficiently small and its frequency acceptable 
(with respect to technical conditions). 

To calculate the amplitude of oscillation it is first necessary to 
write the solutions for 2,, 7, and c from formulae (59.5), namely: 





A L + el (= 
pa | wp T| T Jb 9 + 


t 
+ kı mi _ eo | a | p 
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‘hen, from the last of formulae (59.13) it is necessary to write the 
solution for the angle of yaw (¢) of the aircraft and the angle of 
rudder deviation — = ®a, which gives: 


' m t m i T k; +T, 2 -7 
R A Pe e } | 
e Ti 








(59.21) 





` From these equations we may plot the graph of aircraft oscillation 
(Fig. 262b) and rudder oscillation (Fig. 262c), where 


| +T, 2 © r 
Yo =: Chey a ee ay +) = z| l 
l1+e T 


The amplitude of rudder oscillation, as is evident from Fig. 262e. 
will be 


a = 


A 


cT 
2 3 

where ¢ is the velocity of rudder motion according to the charac- 
teristic of Fig. 261. 

The amplitude of aircraft oscillation (with respect to the yaw 
angle) a, is found as the maximum of the function (¢) in the segment 
0<t< T. Taking the derivative of } (59.21) with respect to ¢ and 
equating it to zero, we obtain the following equation for the time tm, 
corresponding to the maximum +: 


T t Pes 
-z -i l-e ame T 
M R i 
where 
2(k: + T) 
m = --- tag, 





ky T (l1 +e 7) 


This equation is solved graphically as shown in Fig. 262d. The 
quantity tm thus found is substituted in the first of formulae (59.21) 
which gives the required amplitude of aircraft oscillation 


ay = (tn) . 


The frequency of oscillation is defined in terms of the half-period T, 
found graphically (Fig. 262a) on the basis of equation (59.14). 

We note that the solution of this example, in the interests of 
simplicity, was carried out only for the simplified equations of 
motion of the aircraft with respect to course (the first of equations 
(59.10)) and under the assumption of a rigorously constant velocity 
of the rudder drive. 


CHAPTER XVI 


THE APPROXIMATE DETERMINATION OF 
OSCILLATIONS AND STABILITY OF NON-LINEAR 
SYSTEMS 


60. The approximate method of Krylov and Bogoliubov for second-order 
non-linear systems 


As is evident from the previous chapter, the exact determination 
of oscillations and the study of stability of non-linear systems is 
in general a difficult problem. Plotting of processes in the phase 
plane is exact only in integrable cases and is convenient only for 
the study of second-order systems. For systems of higher order only 
certain simple particular cases are solved exactly. The study of 
stability by means of the Liapunov theorems is in principle universal, 
but in practice limited. 

As a result of this, approximate methods of determining oscil- 
lations and stability of non-linear systems are widely used in regula- 
tion theory at present, and we shall now consider them. 

The basis of the majority of approximate methods of studying 
non-linear automatic regulation systems is the work of N. M. Krylov 
and N. N. Bogoliubov (References 5, 6). The entire present chapter 
will be devoted to various methods developed on this basis. 

N. M. Krylov and N. N. Bogoliubov established the method of 
“equivalent linearisation’? of non-linearity (termed here harmonic 
linearisation), the method of harmonic balance with application of 
symbolic frequency methods and the method of energy balance 
(sec Reference 6). 

The first work of Krylov and Bogoliubov in this field was the 
study of hunting in synchronous machines, published in 1932. They 
then developed the above methods for systems of various types from 
mechanical to electronic. 

The Krylov-Bogoliubov method of harmonic balance was applied 
to particular problems in the theory of automatic regulation in 1941 
by V. A. Kotel’nikov and later by L. S. Gol’dfarb and others. 

Aside from these methods the same results may be obtained by 
the well-known variational principle of Galerkin, as shown by 
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A. I. Lur’e and A. I. Chekmarev in 1938 in problems in the theory 
of oscillations and by V. A. Bodner in 1946 in problems of regulation 
theory. 

Further development of asymptotic approximate methods of 
studying non-linear systems was carried out by N. N. Bogoliubov 
(Reference 50) in 1945 and 1949 and by Yu. A. Mitropolskii. 

In Chapter 8 of the book by S. P. Strelkov (Reference 23) other 
approximate methods (Mandel’shtam, Andronov, Teodorchik) are 
presented, giving similar results in the first approximation. 

In the present section we describe one of the approximate methods 
now termed the method of slowly varying functions, applicable to 
non-linear second-order systems, permitting not only finding the 
periodic solutions (limiting cycles) but studying approximately the 
course of the transient process for various initial conditions (Krylov 
and Bogoliubov have also studied processes in non-linear systems 
of higher than second order, processes in the presence of external 
periodic forces, including cases of resonance, as well as the con- 
struction of higher-order approximations). 

Transient equation. Let the non-linear second-order equation for 
the transient process in the closed automatic system have the form 


#4+F(e,%)=0, (60.1) 


where xv is the deviation of the regulated quantity while F(z, #) is 
a non-linear function which may also include linear terms in v and 2, 
if they are present in the equation. 

To derive the formulae of the approximate solution we represent 
the non-linear function F(z, ż) in the form 


F(x, è) = ww +f (T, è) , (60.2) 
go that equation (60.1) takes the form 
d+ wor + ef (e, è) = 0, (60.3) 


where the letter £ is introduced only to be able to note below the 
relatively small order of the quantity ef(x, ż). 

For example, equation (60.1) for the simple automatic temperature 
regulation system considered in Section 9, from (9.15) and Fig. 53a 


has the form g i 
7,6+6+4h,8(0) =0, (60.4) 


where the function &(6) is represented by the full lines in Fig. 263a 
and is described analytically by formulae (9.17) and (9.18). We 
plot in Fig. 263a some “average” straight line (broken line in 
Fig. 263a). Then the non-linear function £(8) may be written in 


the form f 
È == kað + fa(O) , 
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where k, is the tangent of the slope angle of the “mean” straight 
line (Fig. 263a), while /,(6) is represented in Fig. 263b. The linear 
term k0 represents the principal part of the function & while f,(0) 
is some non-linear increment. 

As a result the system equation (60.4) will be: 


G+ 056+ ef(0, 0) =O, 


where 


k ô 
o=? ef (8, ô) = hl) + a ; 


(b) 
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These operations as a whole are used only for the general deriva- 
tion of the formula for the approximate solution while in the solution 
of specific problems by this method, as will be clear from the follow- 
ing, it is necessary only to find the quantity œ; the function ef (0, 6) 
need not be found. 

We thus have a non-linear system equation in the form (60.3). 
We shall seek its solution in the form i 


v = asin (wt + ¢) , 


È = aw Cos (otto), (60.5) 


where a and » are unknown functions of time 
a=a(t), o=9(t). (60.6) 


We note that if «= 0, equation (60.3) corresponds to a solution 
in the form of simple harmonic oscillations (60.5) with constant 
values of a and 9. If in equation (60.3) e + 0, then, roughly speaking, 
the greater £, the more strongly the solution (60.5) will differ from 
simple harmonic oscillations. Here a(t) denotes the variable amplitude 
of oscillation while g(t) is the variable phase which actually: is 
a correction to the assumed approximate frequency of oscillation wp. 
Thus, the solution (60.5) and (60.6) fully describes the transient 
in the non-linear system with equation (60.3). The true value of the 
variable frequency of oscillation at an arbitrary instant will ob- 


viously be: 


ines ura , (60.7) 
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The solution has not as yet become approximate, if we assume 
that we know how to find the function (60.6), exactly corresponding 
to the given equation (60.3) and the adopted form of solution (60.5). 
The entire problem thus consists in finding the functions (60.6), 
i.e. the functions a(t) and 9(¢). 

To find them, we first differentiate the first of equations (60.5) 
with respect to time 


da . d 
t= T sin (wt + 9) +a FF 08 («ot + @) + awtos (wot tp), 
from which, considering the second formula in (60.5), we obtain: 


% sin (cog +9) +4 E c08(cast +9) (60.8) 


Differentiating now the second of equations (60.5) 

ä = FF ocos (ot +9) — augein (cog +p) — ao E sin (o+ ọ); 
substituting this and (60.5) in the given equation (60.3), we come 
to the expression 
da dọ . 2 ; 

Ti COB (coot + p) — Geng Fy SIN (cool + p) = —sf (asinu , @w cos), (60.9) 


where for conciseness we put ” = wt+o. 
As a result, from the two equations (60.8) and (60.9) simutaneously 
we find the following expressions for the derivatives of a and 9: 


da 1 ‘ 
= = —— ef (asinu , Aw CO8U)COSU, | 
dt Wg 
(60.10) 
ia = + fasine AW COB U) Sin U | 
at ao ie : 
where 
u=att+o, (60.11) 


Equations (60.10) define the required functions a(t) and ọ(t), as 
yet without approximation. However it is not possible to solve 
them exactly. We shall find approximate formulae. 

If in the prescribed system equation (60.3) e is sufficiently small, 
then from (60.10) the derivatives dajdt and dọ/dt will be sufficiently 
small, infinitesimals of the same order. Then a(t) and ọ(t) will be 
sufficiently slowly varying functions of time. We shall consider 
them to be such that within each individual period of oscillation 
we may put a = const, but change it in passage from one period 
of oscillation to the neighboring, etc. 
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Then the right-hand sides of equations (60.10) may be replaced 
within each period by the average values, taken as usual, in the form: 
127 
rf 
2T. 
0 
As a result the “averaged” equations (60.10) will take the form: 
an 


da 1 ; 
t” E J ef(asinu , aw cosu)cosudu , 
ies (60.12) 
d 1 p : . 
Pr * Trt, sf(asinu , awcosu)sinudu , 


where in the integrands we assume a = const. and they are therefore 
in many cases very simply integrated. Thus, the problem of de- 
termining a(t) and ọ(t) is solved approximately. 

It is still necessary to eliminate the preliminary decomposition 
of the non-linear function F(x, č) in the equation of the automatic 
system (60.1) into two components (60.2). For this we introduce 
into the integrand in equation (60.12) in place of the function ef 
the initial function F in accordance with the relation (60.2), while 
the second of expressions (60.12) is substituted in formula (60.7) 
and squared, where we neglect the term containing €? as a second 
order infinitesimal. As a result of all this formulae (60.12) take the 
final form 


da 
aa gi f Flesne, A 


(60.13) 


2m 





; 1 ¢ ; : 
w? = =| F(asinu , aw,cosu)sinudu . 
T 
0 


Thus the transient in the non-linear system described by a differ- 
ential equation of the form (60.1) is defined by the solution 


æ = a(t)sinu (t), (60.14) 


where the functions a(t) and u(t) are found approximately from the 
‘equations 
da a du\? i A 
(T) = w? = g(a, Wo), (60.15) 
where 





qla, wo) == | F(asinu , dw cosu)cosudu , 
ae | (60.16) 


q(@, wa) = =| Fi(asinu , aw,cosu)sinudu . 
0 


E 
& 
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In this solution a and w are approximate values of the variable 
amplitude and frequency of oscillation of the deviation from the 
regulated quantity x in the transient. In solving the problem the 
final formulae for the values of q, and q for certain non-linear functions 
given below in Section 61 may be used. 

If the differential equation of the non-linear system is given 
in the form (60.3) the transient is described by the solution 


x = a(t)sin[ot +o(t)]. 


The functions a(t) and ọ(t) are defined from equations (60.12), 
where the integrands are always functions only of a. The variable 
frequency of oscillation ù = w+ do/dt. 

All these formulae give only the first approximation. In the works 
of Krylov and Bogoliubov (Reference 6) improved solutions with 
successive aproximations are also worked out. We shall not however 
present them here. 

Example. Let us take the automatic temperature regulation 
system considered in Section 9 where the non-linear regulator has 
the hysteresis relay characteristic ¿(0) shown in Fig. 263a. The 
equation of the closed system, as already noted, has here the form 
(60.4) or 


6+F(0,6)=0, where (0,6) = 786) + a 


From (60.14) the transient response curve will be 

0 = a(t)sinu (t), 
where to determine a(t) and u(t) we have on the basis of (60.13) 
the following equations 


da Lo 
Wo ons | z E(asinw) -H 5- T, F, tycos| cosudu , 


Fron 
du 1 n kie 1 
= = 2 = — Z1 A si —- i 
( I ) ee | E č (asinu) + T, ACOS u| sin udu 
or 


da RP akı i 
u eot i ¿ (asin u)cosudu— oT,’ 


2 
(Fl =u = T. Ba fe é (asin u)sin udu 
1 


where in the remaining integrals — is the non-linear function repre- 
sented in Fig. 263a. These integrals are consequently the values 
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of q,(a) and g(a) for the relay characteristic of the type in Fig. 267e 
which are calculated below in the form (61.37). Taking these values 
and considering also the value of œ, found for this example at the 
beginning of the section, we obtain: 








da ak, | mj a — 2eb. hy 4 60.17 
a Gan Ty na} 21, na yp Tik, 27,’ OME) 
du\? deck, . /. B 
al eee ae 5S (oe ea 60.18 
eee 5 wom 
From the first equation we find 
Ed al 
bi—a T, 
where we put 
F ‘WT, 
o P (60.19) 
T ka 


Integrating this with the initial conditions: a = a at t = 0, we 
obtain: 
t 


ee [0 -- (ah -- by) Je Te ; (60.20) 


From equation (60.17) it is evident that with the initial amplitude 


feb. JT; 
hy 2 y oy l: A = bı 
2 


we have dajdt < 0, i.e. the transient oscillations are damped, while 
with the initial amplitude 








we obtain da/dt > 0, which corresponds to divergent oscillations. 

Knowing coefficients (60.19), for each initial value of a, we may, 
from equation (60.20), plot the curves of amplitude variation a(t) 
of the oscillations in temperature deviation 9 during the transient 
(Fig. 264a). This construction is easily carried out if various values 
arc taken for a and the corresponding values of t found from for- 
mula (60.20). 

The oscillation frequency w will be variable in time and is defined 
by formula (60.18) or its graph Fig. 264b in dependence on the 
amplitude of oscillation a, found above. The dependence of the 
frequency of free oscillations on the amplitude is a characteristic 
property of non-linear systems. 
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The graphs of Fig. 264a show that in this example the system 
is unstable with respect to the steady-state with constant value 
of regulated quantity (a = 0), but has a stable steady-state oscillation 
with amplitude 


feb. /k 


My > -3 P. 
m 


to which the amplitude of oscillation tends in the transient processes 
for arbitrary initial conditions. 


(60.21) 








Fia. 264 


All the results of the approximate solution in the present example 
agree qualitatively with the exact solution presented in Section 9, 
but this approximate solution is simpler and has the same form for 
the entire transient. 

Finding the periodic solutions (limiting cycles) and self-oscillations. 
The limiting cycle, as we know (Sections 10 and 56), corresponds 
to self-oscillations in the system if it is stable. An unstable limiting 
cycle in the simplest case defines the limits of initial conditions to 
which the system is small-signal stable (but other, more complicated 
cases are possible). The limiting cycle (periodic solution) is charac- 
terised by a constant amplitude of oscillation. In the general case 
it is therefore found, according to the first equation of (60.13), from 
the condition 

ar 
| F(qsinu , ao,cosu)cosudu = 0. (60.22) 
0 

From this its amplitude a, is found, after which from the second 
of formulae (60.13) its frequency œ = «œ is calculated. It is assumed 
that the oscillation has approximately the form 


~ asin zt , 
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although in reality the form of oscillation is non-sinusoidal or is 
not exactly sinusoidal (non-linear). 

We note, however, that the quantity wœ, enters into formulae 
(60.22) and (60.13), but, as is evident from the start of this section, 
is not always strictly defined. In such cases in finding the limiting 
cycle it is natural to take the required frequency of the limiting 
cycle for w,. Then the limiting cycle will be defined simultaneously 
by two conditions: 


2n 


J F(asinu, a,0,cosu)cosudu = 0 , 
A (60.23) 


an 


Taw =f F(asinu, a0,cosu)sinudu , 
0 


where a, and «w, are the required constants. 

If for some given system condition (60.22) or (60.23) gives a real 
positive value a,, then for the given system we obtain the limiting 
cycle. If there are several such values a,, there will be several 
limiting cycles. If condition (60.22) or (60.23) does not have real 
positive solutions, the given system does not have limiting cycles, 
ie. it is either stable or unstable for arbitrary initial conditions 
or there is a more complex pattern of phase trajectories without 
limiting cycles. 

After obtaining the limiting cycle it is always necessary to test 
its stability. If a solution is found for the transient (as in Fig. 264), 
it is evident from it whether the limiting cycle is stable or unstable. 
We shall now explain how to proceed when we are interested only 
in the limiting cycle and do not require the transient response. 

We introduce the notation 


er 


G(a) = =| F(asinu, awcosu)cosudu . (60.24) 
9 


Now the first of formulae (60.13) takes the form 
wae eee G (a) . (60.25) 


while the condition of the limiting cycle (60.22) will be 
Gla) =0. (60.26) 


To investigate the stability of the limiting cycle let us consider 
the variation of the amplitude a in the transient with small devia- 
tion a from the amplitude a, of the limiting cycle. Let a = a, + Aa. 
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Writing equation (60.25) with respect to the deviation Aa in linear- 
ised form according to the rules of Section 18, we obtain 


d^a 1 ia) ome 
dt ———@y \84 Jana, 
From this it is evident that with 
(5) Si (60.27) 
2a Ja=a, 


(a) Gta) 





(b) &(a) 


2 ~ —_ 
Fig. 265 


the derivative Ad will be negative with Aa > 0 and positive with 
Aa < 0, Consequently, in both cases Aa-0, i.e. the limiting cycle 
is stable *. 

If 


oG 
pele 0, (60.28) 


the deviation |Aa| increases, i.e. the limiting cycle is unstable. 

According to condition (60.26) the limiting cycles are found easily 
by graphical methods as the points of intersection of the curve G(a), 
plotted according to equation (60.24), with the axis of abscissae a 
(Fig. 265). The stability and instability of the limiting cycles are 
defined according to (60.27) and (60.28) by the sign of the slope 
of the curve G(a) at these points. If, for example, the curve G(a) 
has the form shown in Fig. 265a, the limiting cycle with amplitude a, 
will be unstable while the limiting cycle with amplitude a, will 
be stable. The arrows in Fig. 265a denote that the transient oscil- 
lation amplitude diverges from the value a, and approaches either 
to zero or to the value an. In this case, consequently, the system 
will be small-signal stable up to such initial deviations for which 


* This stability condition, strictly speaking, is not sufficient since the frequency 
is not varied here. But in practice in many particular cases it is found sufficient. 
Krylov and Bogoliubov (Reference 5) give conditions with variation of frequency. 
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the amplitude of oscillation does not exceed a, and has a stable 
oscillation with amplitude ag. 

In the temperature regulation example according to (60.17) we 
have 
debk, — xa 


CaS Taa | 


from. which we obtain without plotting the single value (60.21) 
satisfying the condition (60.26), where 


a) _ ( 4ebk, 
asa 


T 
aa aT so 7 8T,cbk, aes 








This corresponds to Fig. 2658. 

Relay systems with time delay. In deriving the automatic temper- 
ature regulation system equations in Section 53 it was explained 
that non-idealness of the electromagnetic relay is better described 
by a time delay than by a hysteresis loop. Let us consider the ideal- 
ised case taking into account delay, where the relay has no zone 
of insensitivity (the characteristic of Fig. 234a) and has a constant 
time delay +; the times of relay switching are illustrated by the 
graphs of Fig. 234g, h and equation (53.27). In the linear part of 
the system we neglect the time constants of the sensitive clement T, 
and the drive T. Then the system equation is the same as in the 
above example: 

7T,646+kF(8) =0, (60.29) 


where #'.(6) is defined by a graph of the form of Fig. 234a with an 
additional time delay r. 

Let us employ the solution applied by G. S. Pospelov for an 
equation of this type. We shall seek the solution in the form 


0 == asin(wat—@) [a= a(t), p= ọ(t)]. 
To obtain the approximate equation of the transient we substitute 
this solution in (60.29) and neglect terms containing @a/dt?, dp/dt? 


and (da/dt)(do/dt) as a result of the assumption on slow variation 
of the functions a and ọ in time. As a result we obtain the equation 


@1', cos (wt— @) + zaon 2 sin (ct — ọ)-- awT sin (wt— p)+ 


+awcos(wt—o)+kF [asin(wt—9)]=0, (60.30) 


2 
at 


where the function F,[asin(wt—¢)] has the form shown in Fig. 234h 
below. If we expand this in a Fourier series and limit ourselves only 
to the first harmonic, we obtain 
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Aa , te, : 
FF {asin(ot— 9)| S sin[o(t—r)el] 
= E COS or sin (wt -—- p) —- = Sin wr CO8(wt-- gp). (60.31) 


Substituting this in (60.30), collecting all coefficients of the sine 
and cosine and equating them separately to zero, we obtain the 
required equations 


a = 2wT, 


| tek . ) 

-- @@ + — SM oT], | 
T i 

dy 2 1 (aan cos oz) , | 


(60.32) 
at ae T, 
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defining the variation of amplitude and frequency of the transient 
oscillation. 

To find the periodic solution (self-oscillation), it is necessary to 
put a = const = a, © = w, 9 = const. Substituting this in equa- 
tion (60.32), we obtain 


tek . tek 2 
io SIN wt = Ger, — COS wT == ww T, 
r z 


from which we find the following equations to determine the fre- 
quency œ and the amplitude a, of oscillations: 


Tyo tan owt = 1, | 
(60.33) 





ay EINA re mie as anen ‘| 
2 2 
zor V 1-4- Tio 


The character of variation of the frequency and amplitude of 
oscillations defined by these formulae, in dependence on the magni- 
tude of time delay 7, is shown in Fig. 266. 

Comparison of these approximate results with the exact solution 
(method of matching solutions as in Section 9) shows their excellent. 
agreement. 
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61. Krylov-Bogoliubov harmonic linearisation of non-linearity 


We now describe the approximate method of determining the 
periodic solutions (in particular, oscillatory) of non-linear systems 
of arbitrary order*, also based on the work of Krylov and Bogo- 
liubov, 1934 (Reference 5) and 1937 (Reference 6). Krylov and 
Bogoliubov have termed this the method of equivalent linearisation 
or the method of harmonic balance, proving that the method of 
energy balance also reduces to this. 

This approximate method is a very powerful means of studying 
non-linear systems (in particular, oscillatory) because of its simplicity 
and of the universality of its apparatus in application to the most 
varied non-linearities. It is necessary however to bear in mind that 
it solves the problem approximately. There are definite limitations 
to its applicability, which will be discussed below. These limitations 
are usually well satisfied in problems of automatic regulation theory. 
Practical calculations and experiment show the applicability of 
this method to many classes of non-linear systems. 

Basis of harmonic linearisation of non-linearity. Krylov and 
Bogoliubov (Reference 6) have shown that the approximate solution 
of the non-linear equation (60.1) in the form (60.14)-(60.16) corre- 
sponds (to a magnitude of the order of £?) to representation of the 
non-linear function F(x, 2%) in the form 


F(a, %) = qla, w+ gla, w)x. (61.1) 


On this basis they recommend even for more complicated high- 
order systems than (60.1) separating the non-linear element and the 
corresponding non-linear expression and replacing it approximately 
by an expression of type (61.1), which is similar to a linear one, 
but differs substantially from the latter in that its coefficients are 
functions of the amplitude and frequency of the required oscillations 
in the system. We shall follow this recommendation below, terming 
the approximate substitution of non-linearity harmonic linearisation 
and further introducing special approximate equations for the non- 
linear elements. 

The approximate expression (61.1) may be obtained directly 
(without reference to the preceding section) in the following manner. 

Let there be given some non-linear expression of the form 


y = F(a, è) (61.2) 


» The method presented in Sections 61, 62, 63, 68 was proposed by the author 
at the II All-Union Conference on the Theory of Regulation in November 1953. 
This method is further developed in Sections 64 and 67. 
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and given r = asinwt. Then 


y = F(asinat , aw cos t). (61.3) 
Putting 
u= oot, (61.4) 
we expand the function in the right-hand part of equation (61.3) 
in a Fourier series. We obtain 
Qn 
i; 


y= real F(asinu , awcosu)du + 


an 7 
+ Fal F(asinu, aqcosu)sinudu| sin of + 
0 


27n 
+ Ef F(asinu, awcosu)cosudu |cosot+ 
0 
+ higher harmonics (61.5) 


The first integral in this expansion is a certain constant quantity. 
Let us put 


2r 


f Fiasinu , awcosu)du = 0, (61.6) 
0 


which signifies the absence of a constant component in the given 
expansion. In the present chapter we shall everywhere assume 
satisfaction of the condition of absence of a constant component (61.6). 
Below (Section 67) we shall give a method for investigating oscil- 
lations in the presence of a constant component, i.e. when condition 
(61.6) is not satisfied. 

If we neglect higher harmonics and take into consideration that 

g£ 


; & 
sinoti =- and coswt =—, 
a aw 


formula (61.5) with condition (61.6) may be written in the form 


ym g(a, o+ WEA, (61.7) 


where 
an 


q(@, w) = =| F(asinu , awcosu)sinudu, 
0 


(61.8) 


2m 


1 f ` 
qla, w) = =| Fi(asinu, awcosz)cosudu. 
0 


Thus the non-linear expression (61.2) with # = asinwt to within 
higher harmonics is replaced by a quasi-linear expression (61.7). 


37 
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Its coefficients are constant with constant values of a and a, i.e. 
when we are concerned with the periodic solution. During the 
transient oscillations with variation of a and w they also vary. For 
various amplitudes and frequencies of the periodic solutions the 
coefficients and expressions (61.7) will be different in magnitude. 
This circumstance, very important below, is the essential property 
distinguishing the expression (61.7) obtained as a result of harmonic 
linearisation from the ordinary method of linearisation (Section 18), 
leading to purely linear expressions with which we have been 
concerned in the previous parts of the book. This permits analysing 
approximately the fundamental properties of the non-linear oscil- 
lations which we could not obtain with ordinary linearisation, ap- 
plying to expression (61.7) linear methods of investigation. 
Approximate equations of the non-linear elements of the first 
class. The first class (Section 52) contains all non-linear elements 
described by equations of type (52.1) and (52.2) with arbitrary 
non-linearity. Let there ex'st a non-linear automatic regulation 
system (Fig. 229a), the lincar part of which, having arbitrary 
structure, is described by an ordinary linear differential equation 
of arbitrary order (52.6), while the non-linear element, say, has the 
equation 
2 = F (1, %) - (61.9) 


For the approximate determination of the periodic solution (in 
particular, oscillatory) in the absence of a constant component 
we put 

m =asinot, (61.10) 


and, employing formulae (61.2) and (61.7), we replace this non- 
linear differential equation by the folowing approximate equation 
(for oscillation): 


Ta = aa, w) + aeo) T, (61.11) 


where g(a, w) and qila, œ) are defined by formulae (61.8), where 
a and w denote the amplitude and frequency of the input oscillation 
to the non-linear circuit m. 

The approximation of such harmonic linearisation of the non- 
linear equation (61.9) consists, firstly, in that the non-linear oscil- 
lation of v, in the closed system (Fig. 229) is assumed sinusoidal 
(61.10), and, secondly, higher harmonics of #, at the output of the 
non-linear element are neglected (according to (61.5)), i.e. writing 
equation (61.11) we automatically consider the oscillation of 7, to 
be sinusoidal. 

Both of these assumptions will be justified with arbitrary non- 
linearity if the neglected harmonics pass through the linear part 
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of the system with much greater attenuation than the fundamental 
component. The linear parts of the majority of automatic regulation 
systems and servomechanisms have just this property, since their 
amplitude-phase characteristics (in the open state) have small 
radius-vectors at high frequencies. This property of the system 
may be quantitatively estimated from the amplitude-frequency 
characteristic of the linear part of the system. 

Therefore harmonic linearisation of the equations of non-linear 
elements, which will be widely applied below in studying oscillatory 
processes in non-linear systems, is admissible in practice for the 
majority of regulation systems and servomechanisms with arbitrary 
character of non-linearity (for a more exact solution see Section 64). 

If the equation of the non-linear element has, instead of (61.9), 
the form 

FF (aq, 2a) = CX 3; (61.12) 
where 2, a8 before, is the output quantity of the non-linear element, 
in place of (61.10) we put 


£a = asinat , (61.13) 


and as a result of harmonic linearisation we obtain the approximate 
equation of the element in the form 


qıla, w) 


Oly tqla, 0) | m = or , (61.14) 


where q,(@, w) and q(a, w) are defined by (61.8), except that here a 
and w, in contrast to the preceding, denote the amplitude and 
frequency of oscillation of the output quantity of the non-linear 
element #,. Expressions (61.13) and (61.14), as the above, denote 
the oscillations at the input and output of the non-linear element 
in sinusoidal form. It is necessary to consider that the formula of 
harmonic linearisation (61.14) is connected in the present case with 
an additional restriction: it is assumed that the combination terms 
entering into the first harmonic of the non-linear function in higher 
harmonics of the argument v, are negligible. In the contrary case 
there should be introduced additional terms in the coefficients q, 
and q (see Section 64). 

We also present formulae of harmonic linearisation for the equation 
of a non-linear element of simpler type (52.1). Here two alternatives 
are possible: (1) the curve F'(x#,) has a hysteresis loop (for example, 
Fig. 235c, Fig. 240d and e) and (2) the curve F(z,) does not have 
a hysteresis loop. 

In the presence of the hysteresis loop, when a dependence on 
the sign of the derivative is actually observed, the non-linear equation 


at, = F(a), (61.15) 
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after harmonic linearisation is replaced by the following approximate 


equation (with x, = asin wt): 


P| x; (61.16) 


= n= faas et , g(a) r] 


where 





2r 
1 TEARS 
qla) = = F(asinu)sinudu , 





| 
Lf (61.17) 
q,(a) = =f F (asin) cosudu , 
0 
and with the absence of the constant component 

27 
f F(asinu)du=0. (61.18) 
0 


If the curve F(#,) does not have a hysteresis loop, we obtain 
g(a) = 0, since with w = asinu we have 


2r 0 
1 F 1 
q,(a) = al F(asinu)cosudu = sai | Pleas =0 


(with a hysteresis loop this integral does not vanish as a result of 
the difference in shape of the curve F(2,) with increasing and 
decreasing 2,). 

Consequently, in the absence of the hysteresis loop the non- 
linear equation (61.15) is replaced by a simpler approximate equation 


L, = g(a) X,, (61.19) 


i.e. the curved or polygonal characteristic 2, = F(#,) is replaced 
by a rectilinear one, the slope of which g(a) depends on the magni- 
tude of oscillation. In other words, the non-linear element is compared 
to a “linear” one with transfer factor (gain factor), dependent on the 
amplitude a of the input oscillation 7,. The hysteresis loop also 
introduces, according to (61.16), the derivative, giving a phase 
delay, since g,(a) < 0. Thus, non-linear delay in coordinate in the 
form of a hysteresis loop is transformed in harmonic linearisation 
to an equivalent linear phase delay. 

In cases where the non-linear element is described by a compli- 
cated equation including the sum of various linear and non-linear 
expressions, each of the non-linear terms is subjected separately 
to harmonic linearisation. Here we may encounter a different char- 
acter of non-linear function. 
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For example, in harmonic linearisation of the second of equations 
(52.2) we are concerned with the function F(#, ¢) with x = asin ot. 
In the first case we obtain 


Pla, $) [e)p aapje, (61.20) 
where 
dala, wo) = dey F(—aw sinu , awcosu)sinudu : 
ae (61.21) 
qla, o) = +j F(—aw*sinu , awcosu)cosudu , 
0 
under the condition 
fae au*sinu, awcosu)du =O. (61.22) 


0 


If the function F (ë, %) or the function F (ż) is the only non-linear 
function in the equation of the non-linear element, with harmonic 
linearisation we may put 


t = asin ot 
and thus reduce the problem to the previous formulae. But now the 
quantity a in all calculations will be the magnitude of oscillations 


in velocity ż and not the coordinate w. The latter will then have 
the amplitude 


a, = 


e|e8 


Approximate equations of non-linear elements of the second class. 
The second class includes all non-linear elements described by 
equations of type (52.3) and (52.4) with arbitrary non-linearity and 
with the same general structure as before (Fig. 229). The essential 
difference of the elements of this class is that both variables (x, and sa) 
are included in the non-linear function. Therefore in harmonic 
linearisation it is necessary to introduce into the equation two 
unknown amplitudes, putting 


t,=ad,8inwt, s, = a,sin(wt+B). (61.23) 


For equations of type (52.3), where m, and #, enter separately 
into the non-linear functions, the harmonic linearisation of non- 
linearity is carried out individually for each. Thus, for the equation 


Falta, £2) = F(a) (61.24) 
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we have in the left-hand side, according to (61.12) and (61.14) * 


[ae P + Q(t. © ) Ly 


where 


2m 


1 ; ; 
lala, ©) = >Í F(a Binu , awcosu)sinudu , 
2 


(61.25) 


Qn 


qal, %) = ai F {asinu , agoCosu)cosudu . 
2 





In linearising the right-hand side of equation (61.24), in accordance 
with (61.23) we put u = wt+8 and then from (61.15) and (61.16) 
we obtain 





where 


on 
q(a) = f F(asinu)jsinudu , | 
1 
° i (61.26) 


2m 





Q(t) = 2 f F(a,sinu)cosudu . 
Td, J 


Thus, the non-linear equation (61.24) is replaced by the following 
approximate equation: 


[ten + a (a, 0) | = Jaan) + As 1) ay, (61.27) 


where the coefficients are defined by formulae (61.25) and (61.26), 
and in the absence of a hysteresis loop we have in the right hand 
side (61.24) 

ala) = 0. 


The two amplitudes a, and a, introduced here are not mutually 
independent. They are related by the amplitude-phase character- 
istic of the linear part of the system since for the linear part (Fig. 229), 
a, is the amplitude of input oscillations and a, of output. If the 
equation of the linear part has the form (52.6), the ratio of amplitudes 
defined as the modulus of the amplitude-phase characteristic of the 
linear part of the system will be: 


= Rio) 
~ |Qi(ta)] * 


* Here, as in formula (61.14), we introduce the additional assumption on the 
negligibility of combination terms. For a more exact solution see Section 64, 


ay 


ae 





(61.28) 
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This relation must be taken into account in investigating equation 
(61.27). It is convenient to have its graphic representation (Fig. 51a). 

The phase shift B indicated in formulae (61.23) and in Fig. 51b 
will be 


B =arg Ga (61.29) 





(it has no influence on the process of harmonic linearisation). 

Harmonic linearisation is carried out somewhat differently in 
those cases where the variables ~, and x, are not separable in the 
non-linear expression of type (52.4). In these cases we represent 
the second of expressions (61.23) in the form 


T, = Aa,(cosBsin wt + sin BCos wt) , 


where A and ß are as before. Considering the first of expressions 
(61.23), we obtain 


2 = (ea) y+ 2) i, (61.30) 





where we put 
E(w) = A(w)cosB(w), Elw) = A(w)sinB(w). — (61.31) 


Expression (61.30) is substituted in equation (52.4) which is to 
be subjected to harmonic linearisation. As a result only the vari- 
able q, and its derivative ¢, remain in the non-linear function. After 
this harmonic linearisation is carried out as usual for an element 
of the first class. The complication consists here in that more compli- 
cated functions of the oscillation frequency (61.31) will enter into 
the coefficients of the equation; they are given either analytically 
according to (61.28) and (61.29) or graphically on the basis of Fig. 51a 
and b. 

We proceed similarly with harmonic linearisation of the third 
class of non-linearity (Fig. 230), taking into account the amplitude- 
phase characteristics of the two or more individual linear parts of 
the system. l 

Calculation of the coefficients of the approximate equations of non- 
linear elements. In calculating the coefficients of the approximate 
equations cf non-linear elements according to formulae (61.8), 
(61.21), (61.25) and, in particular, from formulae (61.17), (61.26) it 
is necessary to bear in mind that with symmetrical non-linear charac- 
teristics the integral (0, 2x) may be obtained by the double inte- 
gral (0, z), ie. 


; (61.32) 


on 
f=2 
0 


ema 
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while for symmetry with respect to the origin of coordinates of 
a hysteresisless characteristic 2, = F(a) we may write: 


7 
2r 2 


foal. (61.33) 
(i) 0 


Let us calculate the coefficients for certain simple non-linear 
elements. We may then use them directly in solving various specifie 
problems. 

Coefficients of the approximate equations of relay circuits. Let 
us find the coefficients g(a) and q,(a) of the approximate equations 
of the most typical relay circuits according to formulae (61.17). 





Fia. 267 


Let us take the general form of the characteristic of the relay 
circuit 7, = F(#,) shown in the graph of Fig. 267a, where m is an 
arbitrary fraction in the interval —1 <m < 1. As particular cases 
we shall obtain the equations of two types of relay circuits. 

If the oscillations of the input quantity x, = asin wt have an ampli- 
tude a < b, then from Fig. 267a there will be no motion in the system. 
If the amplitude a> b, switching of the relay takes place at the 
points A, B, C, D (Fig. 267b) at which we have: 


. 6 . _, mb 
u, = sino go a= n— sin- ; (61.34) 


Consequently, after using the properties (61.32) each of the integrals 
in (61.17) separates into three components 
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where the first and third vanish according to Fig. 267a and b. There- 
fore expressions (61.17) take the form 

ug uz 


DE E : 27 
qla) = =i | esinudu, qla) = A | econ udu , 


3 ` ui U 
from which 


2c 2ej ;/ B “med? 
g(a) = — (Cost, CO8 ta) = = (y Isat y A ne i | 


. 


(61.35) 


(a) = 2 (ina SiN Ua) = = 
MHT ate Dee es RAe 


l—m) (a>), 
and the approximate equation of the relay circuit with characteristic 
in the form of Fig. 267a will have the form (61.16) with the values 
g(a) and g,(a) obtained here. 

Let us consider particular cases. 

For the relay circuit without hysteresis loop, but with a zone 
of insensitivity b (Fig. 267d), putting m = 1, from the above formulae 
we obtain 


de do, h 7 a f 
q(a) = na 8% =s xa V 1-- a? qmia)=0 (a>b). (61.36) 


For the relay characteristic with hysteresis loop of type Fig. 267d, 
putting m = — 1, we have: 


q(a) = cont = = y 1-- = | 
a a (61.37) 
(a) = — E iiu = — back b) | 
dı ) — xa ; ai za - . 


Finally, for the ideal relay circuit (Fig. 267f), putting b = 0, 
we find: 
ga) =, g(a) =0. (61.38) 
Ta 
The significance of harmonic linearisation of the relay charac- 
teristic is easily seen of from the last example. The expression q(a) 
denotes the substitution of the polygonal characteristic ABCD by 
the straight line MN (Fig. 267f) with slope such that this line UN 
approximately replaces that segment of the polygon ABCD which 
includes the given amplitude a. This makes clear the inversely 
proportional dependence of g on a, given by formula (61.38), since 
the greater the amplitude a of the input quantity oscillation s, 
the lower the slope of the line MN, approximately replacing the 
polygon ABCD. 
Similar considerations relate to the relay characteristic in Fig. 2674 
for which the slope of the straight line substituting it is given by 
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formula (61.36). Consequently, each hysteresisless relay circuit with 
oscillation is equivalent to such a “linear” element, the transfer 
factor (gain factor) q(a) of which decreases with increase in ampli- 
tude of oscillation of the input quantity. 

Concerning the relay circuit with hysteresis loop, from (61.16) 
and (61.37) it is replaced by a linear element with a similar gain 
factor to the preceding q(a), but, in addition, with introduction 
of the negative derivative in the right-hand side of the equation. 


(c) 2 
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The introduction of the negative derivative, in contrast to the 
positive, (see Section 15) introduces a phase delay in the response 
of the element to the input force. This is the “linear equivalent” 
replacing the effect of the non-linearity in the form of a hysteresis 
loop. Here the coefficient g(a) for the derivative, according to (61.37), 
also decreases with increase in amplitude a of the input quantity 
oscillation 2, which is understandable since the effect of the hys- 
teresis loop on the oscillation in the relay circuit should be smaller, 
the greater the amplitude of oscillation in comparison with the 
width of hysteresis loop. 

Coefficients of the approximate equations of other simple non-linear 
elements. Let us consider a non-linear element with insensitive 
zone and with saturation (Fig. 268a). From Fig. 268b, here 

w= sin > t= sinata = gin tot Dit A (61.39) 
the integral (61.17) on the segment (0, 7z) separates into five com- 
ponents, where the first two vanish. Therefore 

T™— Ua 


us 
_2 , i 2 f 
q(a) =a Í PEE er csinudu + 
ui 


nzu 


gee Í k(asinu—b,)sinudu , 
TA a 
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from which with the substitution c = (b,—b,)k and b, = asinu, 
b, = asinu, we obtain 


where u, and u, are defined by formulae (61.39). In view of the 
absence of hysteresis loop here q,(a) = 0. 

Thus, the approximate equation of the non-linear element with 
characteristic in the form of Fig. 268a will be (61.19) where q(a) 
has the expression (61.40). 

As a particular case, the value of q(a) for an element with insensitive 
zone without saturation (Fig. 268c) follows from this. For this we 
put in the preceding solution a < b, and, consequently, ua = 7/2. 
Then 
2k{. b b be 
= (sin ra ai 1-5) (a >b). (61.41) 


As we see, an element with insensitive zone is similar to a linear 
element with reduction of gain factor. This reduction of gain factor 
is appreciable at low amplitudes and small at large, where 0 < q(a) 
<k with b< a< œ. 

For the second particular case, an element with saturation without 
insensitive zone (Fig. 2684), putting b, = 0, i. e u, = 0, from (61.40) 
and (61.39) we obtain 


2k]. ce eœ e c 
g(a) = P (sin S+5V1- a) (a > a (61.42) 


where with a < ¢/k we have q(a) = k (linear characteristic). At input 
oscillations including the saturation zone, the given element is 
equivalent to a linear element with the gain factor g(a) decreasing 
with increase in amplitude (in contradiction to the preceding). 
For the element with variable gain factor according to Fig. 268e 
and f, from formula (61.17), taking into account (61.32) we obtain 


AS eee 
q(a) = za) asinwsinwdn + 


nR—Uy 


2 "7 l 
Ta | [ka(asin u — b) + k,b]sin udu + 
wm 


nr 
2 f è . 
— kasin usin udu 
+ = 1 i 


R-Uy 
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which with the substitution sinu, = b gives 


t 2 
g(a) = k,— 2 (k.-- ky) (sin? + tyn- +) (a >b). (61.43) 
Here the polygonal characteristic (Fig. 268e) is replaced by 
a single straight line with slope g(a) between k, and k}, where the 
slope varies in the interval k, < g(a) < ka with increase of ampli- 
tude b <a@< œo. For amplitudes a < b we have a linear charac- 
teristic with slope k. 
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For the non-linear element with saturation and with hysteresis 
loop (Fig. 269a) the approximate equation takes the form (61.16) 
where according to Fig. 269b and formulae (61.17) we have 


uz TU 


27 ; ; f 
q(a) = =| k(asinu— b)sinudu + = | esinudut 
0 


ug 
n 


2 | k(asinw +b)sin udu; 
TA . 


my 


and similarly ¢,(a) From this 


k T: ' 
q (a) = (wat 5 in 2m + Uy + zinza) 3 | 





k (61.44) 
g(a) = — z (Sin? u,— sin UW) (a> b), | 
where 
. b . ,6+bdk . b c—bk 
= -1 za = = = al = sin -t5 
w = sinta nay o 5 ina = ny (61.45) 


If in this non-linear element the amplitude of oscillation of the 
input quantity v, will be a < b,, the oscillation wil not include 
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the saturation zone and a purely hysteresis characteristic (Fig. 2690) 
is obtained. In this case 


Up = u, = sin (1- =). (61.46) 


2! a 
The approximate equation of the element with hysteresis charac- 
teristic of the type of Fig. 2690 will therefore have the form (61.16), 


where from (61.44) 


k 1. 
g(a) =5 (5+ m+ 5sindu) i: | (61.47) 
6 
k 4kb b ° 
a ee 2 sy es ES aa 
g(a) = = Cos Uy a (1 z) (a >b), | 


where u, is calculated from formula (61.46). 

The same type of characteristic (Fig. 2690) was obtained for 
a sensitive element with dry friction in the pressure regulation 
system considered in Section 54 (see Fig. 238b), where we neglected 
the mass. Consequently, for a non-linear element with dry friction 
the same formulae (61.47) will be valid substituting 


be = : (61.48) 
while equation (54.15) for the oscillatory process in approximate 


form (61.16) will be 
n=|a (a) + =— 


This type of characteristic (Fig. 2690) occurred also for the non- 
linear element with backlash in a servomechanism (Fig. 237b), where 
we had k= 1. Consequently, equation (54.12) of the given non- 
linear element is approximately (for an oscillatory process) written 
in the form 


us) |e (61.49) 





8 = |a (a) + S| B, , (61.50) 


where g(a) and qg,(a) are defined from formulae (61.47), in which 
it is necessary to put k =1. 


62. Approximate determination of oscillations and their stability using 
the Mikhailov criterion and algebraic criteria 


Basing ourselves on the above harmonic linearisation of non- 
linearity, let us derive the approximate equation of the entire closed 
non-linear automatic system (Fig. 229a). Let the differential equation 
of the linear part of the system be known, 


Qi(p) 2, = — Ri(p)a, , (62.1) 
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where the linear part may have a structure of any complexity (and 
an equation of any order). 

The approximate equation of the non-linear element in the oscil- 
lation, obtained by harmonic linearisation (Section 61) is written 


in the form 
Qn(P)% = Ralp), (62.2) 


where for the various non-linearities considered in Section 61 the 
operational polynomials Qa(p) and R,(p) will have differing ex- 
pressions. For example, for the non-linear equation (61.9), according 
to (61.11) we have 


Qulp)=1, Ralp) = gla, 0) + 2%, 


for the non-linear characteristic (61.15) without hysteresis loop, 


Qip)=1, Ralp) = a(a), 


and for the non-linear equation (61.24), according to (61.27) we 
obtain 


uitt 


Qn(p) = Wear) 5 5 Qt, o), Rn(p) = g(a) +——p, 


where a, and a, are related by (61.28) or the panies graph 
of Fig. 51a. 
As we see, the amplitude a and the frequency w of the required 
oscillatory process enter into the coefficients of equation (62.2). 
On the basis of equations (62.1) and (62.2) it is possible to write 
the conventional characteristic equation of the closed nonlinear 
system in the form 


Q(z) Qn(z) + Riz) Ra (z) = 0 (62.3) 


with the same properties of the coefficients. 

When there arise in the closed system free, undamped oscillations 
of constant amplitude a = a; and constant frequency w = «a, (self- 
oscillation), the coefficients of equation (62.2) and thus the coef- 
ficients of the characteristic equation (62.3) become constant. At 
the same time it is known from linear theory that the appearance 
of these oscillations in a system with constant coefficients corre- 
sponds to the presence of a pair of purely imaginary roots in the 
characteristic equation of the system. 

It is thus possible to determine the appearance in a closed non- 
linear system of undamped free oscillations of the form sæ asin wit 
(a; = const, œw = const), substituting in the characteristic equation 
(62.3) of the system z = iw). If this substitution z = iw, corresponds 
to some real positive values a = a, and œ = œ; with given para- 
meters of the system, these oscillations are possible. But the substi- 
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tution z = tm, in the characteristic equation with constant coef- 
ficients is equivalent to finding the boundary of stability of the 
linear system. Consequently, the appearance of undamped free 
oscillations in a non-linear system may be found by applying to 
the characteristic equation (62.3) any of the methods for determining 
the boundary of stability of a linear system described in Chapters VII 
and VIII. 

In the present section we shall use for this purpose the Mikhailov 
stability criterion, developed for linear systems. 

Let us term the Mikhailov curve for the closed non-linear system 
the graph of the function 


L (16) = Qi(t6) Qn(t8) + Ri(tG) Ra(td) , (62.4) 


which corresponds (with z = #4) to the left-hand side of the con- 
ventional characteristic equation (62.3) of the non-linear system 
with arbitrary given values of amplitude a and frequency in the 
coefficients of expressions Q,(t6) and R,(id). To distinguish the 
frequency of oscillation in the system from the parameter &, va- 
rying along the Mikhailov curve, we mark the latter by the tilde ~. 
The Mikhailov curve will have the usual form for linear systems. 

We note that if the equation of the non-linear element has the 
form 2, = F(a@,), in the presence of the hysteresis loop the expression 
for the Mikhailov curve (62.4), according to (61.16) will be 


sa is a a)... 
L(d) = Quai) + RAG) (ata) + 22) ia, 
and in the absence of the hysteresis loop 


L(t) = Q (40) +E (16) q(a) . 


The latter case is characterised by the fact that the frequency w of 
the required oscillations does not enter into the coefficients for the 
Mikhailov curve expression, but only the amplitude a. 

For the characteristic equation to have purely imaginary roots 
z = iw, the Mikhailov curve, as is well known, should pass through 
the origin of coordinates (as, for example, in Fig. 270). Here the 
value of & at the origin of coordinates gives the frequency of required 
oscillations & = w,. Therefore the quantity w entering into the 
coefficients of the characteristic equation should be equated to this 
value &,. The magnitude a in these coefficients gives the required 
amplitude of oscillations ar. 

Basie method of determining the periodic solutions. Let us sepa- 
rate the real and the imaginary parts in the Mikhailov curve ex- 
pression (62.4), 


Lli) = X(@)+4Y (8). (62.5) 
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From the condition of passage of the Mikhailov curve through 
the origin of coordinates we require that with 6 = œ = œ, and 
a=a, X(6) =0 and Y(6é) = 0 simultaneously. This gives us two 
equations: 

Xlo, m) =0,| 


Yl, a) = 0; | (62.6) 


from which the unknown frequency w, and amplitude a, of the 
required oscillations in the given non-linear system are defined. 
As we see, this method represents a combination of the Krylov- 
Bogoliubov method of harmonic balance with the method of plotting 
the stability region from the linear Mikhailov criterion. 
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We recall that self-oscillations correspond to a stable periodic 
solution. Therefore, after œ and a; are determined from equations 
(62.6), it is necessary to investigate the stability of the corresponding 
periodic solution. If it is found unstable, this will not be oscillatory 
but the limit for initial conditions which may separate a damped 
transient (small-signal) from a divergent transient (large-signal) or 
may correspond to still more complicated patterns. 

If equation (62.6) does not have real positive solutions for a, 
and œ, the periodic solutions in general (including oscillatory) are 
not possible in the given non-linear system. 

The study of stability of the periodic solution is given below 
separately. 

Using equations (62.6) it is not only possible to determine the 
frequency «w; and amplitude qa, of self-oscillations with given system 
parameters, but to plot the graphs of œ; and æ as functions of any 
parameter of the system, for example the gain factor k. For this 
it is necessary in equations (62.6) to assume the parameter k to be 
variable and to write this equation in the form 


X (on %, k)=0, | 


Yor Qs, Ie) = 0 ; j (62.7) 
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From this it is possible to find the dependence 
a= alk), w= olk), 


for example in the form of the graph of Fig. 271. On the basis of 
these graphs it will be possible to select the parameter k such that 
the amplitude of oscillation be sufficiently small, that its frequency 
be not dangerous for the given system or, finally, that oscillations 
be completely absent (k < kp). 


fa) 4% 
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In addition, using the same equations (62.6) it is possible to plot 
the loci of equal values of amplitude and frequency in the plane 
of any two parameters of the system, for example k, and ka. For 
this we write equations (62.6) in the form 


Xo; a; ky, kə) =0, | 






(62.8) 
Y(w, a, ky, k) =O. j 
— Ohy 
ne 
nor 

NUNT hs 
Region of NO, 
stability bng 
system Hon 

p 








Fig. 272 


Then, giving the parameter k, various numerical values, we plot 
as before for each of them the values 


a, = (ki), @, = olki), 


for example in the form of Fig. 272a and b. On the basis of these 
two graphs it is easy to plot the curves of equal values of a, (full- 
line) and «œ; (broken-line), represented in Fig. 272c. 

The curves of Fig. 272c may be plotted directly, taking various 
numerical values of amplitude a; and obtaining for each of them 


38 
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from equations (62.8) the values 
kı = k,(a)) and k, = kl ez) , 


After this, varying œz, it is possible to plot by points the correspond- 
ing curves a = const in the coordinates (%,, k), as shown by the 
full lines in Fig. 272c. On these curves frequency markers œ; are 
obtained, which may also be joined (broken-line curves). 

The second procedure is the more convenient when there is only 
a single periodic solution, while the first when there may be two 
or more. 

The graphs of Fig. 272 permit choosing the values of two para- 
meters (k, and k) of the non-linear system. If such graphs are plotted 
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for various possible system structures, it will also be possible to 
select the most suitable structure for the proposed closed automatic 
system taking into account non-linearity. 

Graphical illustration. Since at the point where the Mikhailov 
curve passes through the origin of coordinates (Fig. 270) the current 
value of & should coincide with the value œ, entering into the coef- 
ficients for the Mikhailov curve expression (62.4), for convenience 
of solution we first identify the values of 6 and in the expression 
(62.4). Then the required frequency œw, and amplitude a, of self- 
oscillation are found from the condition 


Viltw) Qn(tw) + Rhiw) Rri) = 0, (62.9) 


where w and a enter into the coefficients. Assigning various numerical 
values to a, we plot for each of them in the complex plane the curve 


f(a) = Qiltw)Qn(tw) + Biliw) Ralio) . (62.10) 


To satisfy condition (62.9) it is necessary to take that value of a for 
which the curve passes through the origin of coordinates. 

If, for example, for three different values of a the curves flo) 
lie as shown in Fig. 273a, the required values a = a and w = w 
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may be found by the following interpolation (as in Section 38 in 
determining the degree of stability): 


AO 
Oy = Oy + Fe (Aa— Ga) , (62.11) 


co 
o= oa t Gp \@27 w). (62.12) 


We note that the curves f(w) will not in general be Mikhailov 
curves since we have not only varied the running value of & of the 
Mikhailov curve in plotting them but also w, entering into the coef- 
ficients. However these curves f(w) are Mikhailov curves in those 
cases where the quantity does not enter into the coefficients of 
expression (62.4). This occurs, for example, everywhere in non- 
linear elements with hysteresisless characteristics x, = F(x,) of 
arbitrary form (but the method of determining a, and œ, itself 
remains, of course, valid even when these are not Mikhailov curves, 
i.e. for arbitrary non-linearities). 

It is possible to represent this method in a changed form, namely, 
to assign constants to the values of w rather than a, and to plot 


the curves 
o(a) = Qiltw)Qn(tw) + Ri(tw) Ralio) (62.13) 


for constant values of w and varying a (full-line curves in Fig. 272b). 
The interpolation remains the same, (62.11), (62.12). 

This method is presented here only as a graphical illustration. 
Below we shall everywhere apply the above fundamental method 
based on the analytic expression for the Mikhailov curve. 

Application of algebraic criteria. To determine the presence of 
a pair of purely imaginary roots in the characteristic equation (62.3) 
it is also possible to apply the algebraic criteria of Vyshnegradskii 
and Hurwitz. Thus, if equation (62.3) is of third degree in z, it may 
be written in the form 


a + a)27+4a2+a,=0, (62.14) 
where its coefficients will contain the required values of frequency 
@, and amplitude a of self-oscillation. 

The condition for the presence of a pair of purely imaginary roots 
from the Vyshnegradskii criterion according to (29.4) wil be 
A Ay = AAs , (62.15) 


but here we obtain only a single equation with two unknowns a; 
and œ. To find the second, we represent equation (62.14) in the. 
presence of imaginary roots z = +t; in the form 


(22+ wz) (agz-+b) = 0. 
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Expanding and equating the coefficients of this equation to the 
corresponding coefficients of (62.14) we find 


Ay), = Ay. (62.16) 


From the two equations (62.15) and (62.16) the unknown ampli- 
tude a; and frequency «; entering into the above coefficients are 
found. Just as in the first method of using the Mikhailov criterion, 
here on the basis of equations (62.15) and (62.16) it is possible to 
plot graphs of a; and «w; in dependence on a single parameter of 
the system or in a plane of two parameters for the purpose of their 
selection. . 

Tf equation (62.3) is of fourth degree in z: 


A+ a,2+a.2+a,2+a,=0, (62.17) 


the condition for the presence of a pair of purely imaginary roots 
from (29.19) will be: 


iy (4 Og — Mas) —A,a; = 0. (62.18) 
In addition, writing equation (62.17) in the form 
(22+ ej) (ag2?4+- bz +b.) = 0, 


expanding and equating the coefficients obtained to the correspond- 
ing coefficients of (62.17), we find 


G0} = Ay. (62.19) 


Using the two equations (62.18) and (62.19) the entire problem 
for the fourth-order non-linear system is solved. 

We note that for systems with non-linearity of the type «7, = F (a) 
without hysteresis loop the frequency w does not enter into the 
coefficients of the characteristic equation. Therefore from equations 
(62.15) or (62.18) the amplitude a; is determined directly and then 
from (62.16) or (62.19) the frequency w. For systems with more 
complex non-linearities two equations are obtained with two un- 
knowns. 

Taking into account time delay in a non-linear system. A constant 
delay + may exist in a non-linear system (here understood in the 
same sense as in Section 45). An example of the derivation of the 
equations for such a system was considered in Section 53. At the 
end of Section 60 we investigated such a second-order system. We 
shall now consider a non-linear system of arbitrary order with delay 
and arbitrary character of non-linearity. 

If there exists a delay + in the linear part of the system, then 
from Section 45 the equation of the linear part (62.1) takes the form 


Qi(p) @, = — Rip) e-Pa, 
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(the factor e? may, in general, enter into this otherwise). The 
expression for the Mikhailov curve (32.4) will be: 


L(4&) = Q1(63) Qn (ið) + Ri(iä) (cost — isin) Ra (ið). (62.20) 


After this the basic method of finding self-oscillations described 
above is applied, i.e. the real and imaginary parts are separated 
in the form (62.5) and equations (62.6) are written, defining the 
frequency w; and the amplitude a, of the required self-oscillation. 

If the delay + exists in the non linear element itself, we proceed 
as follows. We first carry out harmonic linearisation of the non- 
linear element without regard to the delay, according to the rules 
of Section 61. We then shift the output quantity by the delay time r, 
i.e. the approximate equation of the non-linear element, instead 
of (62.2), is now written in the form 


Qn(p) #2 = Balp) Pa . (62.21) 


As a result, considering the equation of the linear part (62.1), we 
come to the same expression for the Mikhailov curve (62.20) and 
to the previous method for solving the problem (see example 6 
in Section 63). 

Stability of periodic solutions. It has been stated above that 
not every periodic solution of the equations of motion of a non- 
linear system will correspond to self-oscillations, but only the stable 
solutions. In concrete problems it is frequently immediately evident 
from physical considerations if self-oscillations occur or not. It is 
therefore sometimes not necessary to investigate the stability of 
the periodic solution mathematically. However, in many cases it 
is still necessary to study this queation. 

The problem of studying the stability of a periodic solution 
reduces, in general, to analysis of the linear equation with periodi- 
cally varying coefficients. A. M. Liapunov (Reference 3) developed 
the corresponding methods. But in many cases their use still presents 
great difficulty. Therefore here we abandon the rigorous investiga- 
tion of the stability of the periodic solutions and present the simplest 
rough methods. 

We shall describe two approximate methods of studying the 
stability of a periodic solution: (1) averaging coefficients and (2) use 
of the Mikhailov curve. Strictly, they do not give sufficient con- 
ditions for stability. But practically in the majority of cases the 
use of one of these is found sufficient to judge the stability of the 
periodic solution found. 

Averaging periodic coefficients in the study of stability. Let us 
write the differential equation of the closed system in small devi- 
ations Aw from the investigated periodic solution v = æsin œt. For 
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the linear part of the system on the basis of equation (62.1) we 


obtain 
Qi(p) Ax, = — R,(p) Ax, . (62.22) 


The equation of the non-linear element, for example (61.9) for small 
deviations takes the form 

Aa, = (E) An (=) Aż, (62.23) 
(and analogously for other types of non-linear equations), where 
the index 1 signifies that in the partial derivatives it is necessary to 
substitute x = aqsin wt and £ = a;w;coset. As a result these partial 
derivatives are periodically varying coefficients. In problems of the 
theory of regulation they may vary either continuously or discon- 
tinuously (see examples in Section 63). We average the periodic 
coefficients obtained, after which in place of (62.23) we shall have 
a linear equation with constant coefficients 


Ag, = [x(a o) -+% (a, @) pl Ag, , (62.24) 
where 
1 [ (eF 1 F/F 
(a, o= f (Elan, nla, on = S (FZ )au, (62.25) 
0 0 


and u = ot. 
The characteristic equation of the system, defining the stability 
of the periodic solution, from (62.22) and (62.24) will be 


Qip) + Ri(p)[% (47, o) + xla, @1)p] = 0. (62.26) 


If this satisfies the stability criterion (Mikhailov, Vyshnegradskii, 
Hurwitz or other), the investigated periodic solution is stable and, 
consequently, self-oscillation occurs in the system. In the contrary 
case the periodic solution is unstable, which as we know corresponds 
either to small-signal stability and large-signal instability of the 
system or a more complicated pattern of processes. 

In cases where the non-linear element has an equation of the 
form (61.15) (with or without hysteresis loop), the averaged cha- 
racteristic equation for studying the stability of the periodic solution 
will be 

Op) + Ri(p)x(a) = 0, (62.27) 
where 


Qn 


1 f (aF 
x (a) a (Ge). u= ot. (62.28) 
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For the second class of non-linear element with equation (61.24) 
we obtain the characteristic equation for studying the stability of 
the periodic solution in the form 


QP) ixa, 01) P + xla, w2)J+ Ri(p)x(a,Q =0, (62.29) 


where 
1; (oF 1 [er 
1 f (2fs E ie 
xa(az, %1) = F) (FE du, 1 (Gg, @7) = ax J (Fe) au, 
i (62.30) 
Eo l 
x(a) = 2 (re) a 


and the amplitudes a, and a, are related by (61.28). 
Use of the Mikhailov curve, defining the periodic solution. To each 
concrete value of a there will correspond a definite Mikhailov 





Fig, 274 


curve. With a= a, it passes through the origin of coordinates 
(Fig. 274a). 

To investigate the stability of the periodic solution with ampli- 
tude a =a, we assign a small increment of amplitude Aa. Then 
with a = a+ ^a the Mikhailov curve takes either the position 1 or 
the position 2 (Fig. 274a). Then, as is well known from linear theory 
(Section 28), the curve 1 enclosing the origin of coordinates corre- 
sponds to damped oscillations of the transient while the curve 2 
to divergent oscillations. 

Therefore, if with Aa > 0 the Mikhailov curve takes the position 1, 
while with Aa < 0 the position 2, the transient in the system will 
be such that oscillations with amplitude greater then a; attenuate 
while oscillations with amplitude smaller than a, diverge. Conse- 
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quently, the transient process converges from both sides to the 
investigated periodic process with amplitude ar. This signifies that 
the latter is stable (self-oscillations). If with Aa > 0 we obtain 
the curve 2, while with Aa < 0 the curve 1, the transient process 
diverges on both sides, i.e. the investigated periodic solution is 
unstable. 

For this investigation there is no necessity of plotting the Mikhai- 
lov curves. The entire investigation may be carried out analytically. 
In fact, to determine if the Mikhailov curve with Aa > 0 takes the 
position 1 (Fig. 274a) it is sufficient to determine where the point 
of Mikhailov curve (6 = w;), which at a = a, coincided with the 
origin of coordinates, will shift with increase of a. If it shifts in the 
directions OA,, OA, or OA, (Fig. 274b), the periodic process with 
amplitude a = a; is stable, while if in the directions OA, or OAs, 
unstable. 

This direction of shift of the point & = w from the origin of 
coordinates with increase in a is obviously defined by the following 
projections on the coordinate axes (X, Y): 


(a), and (Fl, : (62.31) 


where X and Y denote the real and imaginary parts of the Mikhailov 
curve expression (62.5) while the index 7 denotes the substitution 
@= 0, © = a. As is evident from Fig. 274b, for stability of this 
periodic solution the vector defined by the prejections (62.31) should 
lie on a certain side of the tangent MN to the Mikhailov curve, 
the direction of which in turn is defined by the projections 


(a, and (5), (62.32) 

From the positions of the vector with projections (62.31) relative 
to the vector with projections (63.32) it is immediately evident 
whether the given periodic solution with amplitude a; is stable or 
unstable. 

In Fig. 274c and d are shown the same vectors as in Fig. 274b 
but for other forms of the Mikhailov curve. It is evident that in 
all cases for the investigated periodic solution to be stable it is 
necessary that the vector with projections (62.31) lie to the right 
of the tangent MN if we look along the Mikhailov curve towards 
increasing &, where the direction of the tangent MN is defined 
by the vector with projections (62.32). This geometric stability 
condition for the periodic solution may be written in the following 


analytic form: 
aX\ /aY = ay 
w=) (Se) es (eh p 2 62.33 
(a | Ga), oa) (aa h> 9 ( ) 
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Satisfaction of this stability condition for the periodic solution 
may be verified analytically in each Specific problem without any 
curve plotting for equations of not higher than fourth degree with 
positive coefficients, while for equations of higher than fourth degree 
additional conditions are introduced. 

Estimating the stability of the system in the absence of periodic 
solutions. The approximate equations of a non-linear system derived 
in Section 61 and at the start of the present section are convenient 
only for oscillatory processes defined by periodic solutions and for 
oscillatory transients in the immediate vicinity of these periodic 
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solutions. Therefore, strictly speaking, using these approximate 
equations we may analyse only periodic solutions and their stability 
or instability for small deviations from this oscillatory regime, which 
has been carried out above. 

In practice from an analysis of the approximate equations ob- 
tained for the non-linear system it is frequently possible to draw 
substantially wider conclusions. In particular, in certain cases it is 
possible to estimate the system stability in those regions of its para- 
meters in which a periodic solution is completely absent. 

For example, finding the amplitude of periodic solutions as shown 
in Fig. 27la, we then determine that the given periodic solution 
is stable, i.e. corresponds to self-oscillation. Let us denote the 
stability of the periodic solution on the graph by vertical arrows, 
converging to the given periodic solution (Fig. 275a). This notation 
illustrates that the periodic processes converge from both sides 
(i.e. with initial amplitudes greater than a; and smaller than a) 
to the self-oscillatory process with amplitude œ. Let k in the given 
case denote the gain factor of the regulator. The graph of Fig. 275a 
shows that oscillations arise in the system with k > k». It is natural 
to draw the conclusion that in the region 0 < k < ky (where a periodic 
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solution does not exist) the given regulation system will be stable, 
as shown in Fig. 275a by the vertical arrow. 

A similar conclusion for the region 0 < k < kẹ may be made in 
the case of the unstable periodic solution in Fig. 275b and in the 
presence of two periodic solutions in Fig. 275¢, one of which is stable, 
the other unstable. If self-oscillation is observed in the region 
0 < k< kp, as shown in Fig. 275d, it is natural to assume that the 
region k > ky will be a region of instability of the given linear system. 

Finally, if no periodic solutions are obtained for the given non- 
linear system for any values of its parameters in the simplest case 
when the system contains a non-linear circuit without hysteresis 
with characteristic m, = F (æ), from the geometric illustration of 
finding self-oscillation (see above) we find that the Mikhailov curve 
will either enclose the origin of coordinates for each value of a or 
will not enclose it for any value of a. From this it is frequently 
possible to conclude that in the first case the given non-linear system 
is stable while in the second unstable. 

All these estimates must, of course be critically thought out each 
time, or, if possible, the Liapunov theorems should be used. A re- 
liable test will also be plotting of the transient response curve (see 
Chapter XVIII). 


63. Examples 


Let us consider several examples of applying the method described 
in the preceding section. 

Example 1. Let us find the influence of a limited linear motor 
characteristic on the processes in a servomechanism. Let the servo- 
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mechanism be constructed according to the diagram of Fig. 128 
but without the differentiating device. The motor characteristic has 
a saturated type non-linearity (Fig. 276a). The remaining elements 
of the system are linear. Then the equation of the controlled object 
with motor for free motion of the system f(t) = 0 in place of (26.6) 
takes the form 

(T,p+1)p8 = eF (I), 
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where F(J,) is defined by the graph of Fig. 276a. Applying to the 
right-hand side of this equation the formula for harmonic linearisa- 
tion (61.42) with the substitution ¢ = bk,, we obtain the approximate 
equation of the controlled object with motor in the form 


(Tıp +1) p8 = q(a)I,, (63.1) 
where 


q(a) =k, =c’k, for 


a<b, 
2. /. b b be (63.2) 
g(a) -Èrate y/1- for a>b, | 


as shown graphically in Fig. 276d. Here a denotes the amplitude 
of oscillations of the quantity I4. 

The general equation of the remaining part of the servomechanism 
(without the differentiating device), neglecting the inductance of 
the motor armature, from (54.10) will be 


(Tap +1), = —[k+(Tap+1)kp]ll , (63.3) 
where 
__ kikaks 


k h 


In (54.10) we take « = 0, since we are investigating here free motion 
of the system. On the basis of (63.1) and (63.3) we obtain the charac- 
teristic equation 


(Ty2+1)(Ts2+1)2+4(a)[k+(T2+1)kg2] = 0. (63.4) 


After reducing the left-hand side to the form a2? -+ 4,27 + 4,2+ as 
and substituting z = iw we obtain the expression for the Mikhailov 
curve L(t) = X(@)+7Y(6), where 


x = kq(a)—[T,+ Ta+ To+ Tskagla)jä? | (63.5) 


( 
¥(&) =[1+h_q(a)]o— Ty 7, č? . 


We shall now explain the influence of the parameter & (the overall 
gain factor) on oscillations in the system. l 

Equating, according to (62.6), expressions (63.5) to zero (putting 
© = @, @ = M), we find from the second equation 


2 
g(a) = Aer? (63.6) 
ke 


and from the first 





pa [E Talot l (63.7) 
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Formula (63.6) gives the graph shown in Fig. 276¢, where 


1 Tp hike 
SSS , = i . 63.8 
Omin y TT, , Oy y TT, ( ) 


The graphs in Fig. 276b and c define the relation between the 
amplitude a; and the frequency w; of the periodic solution in the 
given system. 

Let us find the dependence of a, on the magnitude of k. For this, 
taking various w;, we take from the graph of Fig. 276 corresponding 
values of a; and from formula (63.7) we calcwate k. The result is 





aq 
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the graph a(k) of the type of Fig. 277a or 277b. To determine in 
which cases they occur, we find kuin. Differentiating (63.7) with 
respect to w, taking into account (63.6) and equating the result 
to zero, we obtain the corresponding value of wm in the form 


za l T, 
Om = TT, (1 + V3 F z) , (63.9) 


where kmi is found by substituting œm in (63.6) and (63.7). 

It is obvious that if a, > og, then kmin does not exist and the 
first case in Fig. 277 occurs while with wm < wg, the second. Com- 
paring (63.9) and (63.8), we conclude that for a system in which 
the parameters satisfy the condition 


kika < V3 + = $ (63.10) 
Ts 

the graph in Fig. 277a applies while for a system with parameters 
—ř 

kike> y 1+3 (63.11) 
Ts 


Let us investigate the stability of the periodic solution according 
to criterion (62.33). For this we first find from (63.5) the expressions 
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ox 
(Fa), = 1+ kale) -3T Taai 
= — 2T, Tro < 0 3 
oY 
(35), = 21T, + Takata) on 
= — 2T oll + Tw) > 0 
A 10 — ’ (63.12) 
er E 2/24 
(E) = 0- roh), 
aa 
= a o 
q (a) a), i 


aY\ _ dq 
(za), “MeO | 


since from the graph of Fig. 276b the derivative dq/da is negative. 

It is easily verified that with w > wm, where wm is defined by 
formula (63.9), criterion (62.33) is satisfied while with w < ùm it is 
not satisfied. From this we conclude that all periodic solutions in 
Fig. 277a are stable (i.e. correspond to self-oscillations). The vertical 
arrows in Fig. 277a show that the transient solutions with larger 
and smaller amplitudes converge to the given periodic solution. 
In Fig. 277b only the upper branch of the curve (above the point wm) 
corresponds to stable periodic solutions, i.e. self-oscillations, while 
the lower branch (®m—@g) is unstable. 

As already remarked, a, here denotes the amplitude of oscillations 
of the quantity I,. To find the amplitude a, of oscillations in the 
regulated quantity 6, it is necessary to employ equation (63.1), 
from which 


ar D 
aa = = ip TTi, a , (63.13) 
Ay, V Poi 4-1 kor V Tee? +1 


as the modulus of the corresponding transfer function with p = ior. 
Here the quantities a, and «w, are defined by the graph of Fig. 277a 
or b. 

Considering that g(a) = k, with a = b (Fig. 276b) we find from 
formula (63.7) with the substitution ù; = wg from (63.8) the value kg 
marked in Fig. 277 


ae Ti+ 1; 1+ kike 
ta (Ee) E 


Exactly the same value k is the boundary of stability for a linear 
system when in place of (63.1) the equation of the controlled object 
with motor has the linear form (T,p+1)p8 = kI. From this it 
may be concluded that in the case (63.10), to which the graph of 
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Fig. 277a applies, the given non-linear system remains stable in the 
same region as the linear system, but has in addition a steady-state 
oscillatory regime there where the linear system is unstable. Conse- 
quently, limitation of the linear characteristic in the form of 
saturation in the motor (Fig. 276a) limits the oscillation of the 
system occuring with k> kg in the linear system. This is also 
observed in practice. 

In the case (63.11), for which the graph defining the oscillations 
has the form of Fig. 277b, self-oscillation may appear with k < kg 
(but > km), i.e. before reaching the boundary of stability of the 
linear system. But in this case, as is evident from Fig. 277b, with 
small initial amplitudes of the transient (below the curve w,W,) 
the equilibrium state remains stable. Here in the region of para- 
meters kn < k < kg (Fig. 277b) we have as it were two limiting 
cycles (Fig. 63c) and in the region kg < k < oo, one. 

The case represented in Fig. 277b is termed “stiff excitation” 
of self-oscillation. This excitation of oscillation before reaching the 
boundary of stability is possible, as is evident from (63.11), only 
with fairly high factor kę, which, in essence, is the coefficient of 
transient feedback. In the absence of such coupling this phenome- 
non cannot occur. 

In Fig. 278a and b graphs are given for the oscillation frequency o 
as a function of the parameter k for the cases represented in Fig. 277a 
and b respectively. 

Example 2. In the same servomechanism we take into account, 
in addition to the preceding, a zone of insensitivity, concentrating 
both non-linearities conventionally in the motor characteristic 
(Fig. 279a). Analogously to the above we obtain the equation of 
the controlled object with motor in the form 


(Tıp +1)pp = g(a), , (63.14) 
where from formulae (61.41), (61.40), (61.39) we have: 


= 2(. b hy i) | 
a(a) =| 2 (sinata 1 2) 


with Bb<a<bh, 





qla) = ka (lq ~ tn +sin 2g — sin 2u) (63.15) 
with a>b,, 
ERRE . b 
w= sin! r » Ug = sin A ; | 


these formulae are represented graphically in Fig. 279b. The ampli- 
tude of oscillation of the quantity I, is, as before, denoted by a. 
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The characteristic equation has the previous form (63.4), just as 
expression (63.5) and the relations (63.6) and (63.7) following from 
them, tom which 


2 
q(a) = et eae (63.16) 
R 


= Ti+ Ty Tsoi , 2 
T Tiwo — 1 


a (63.17) 


61 


k 
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We shall assign various values to e. To each value of œ, from 
formula (63.16) and the graph (Fig. 279b) there correspond two 
values of amplitude a, one in the interval b, < a< b, and the 
other a > b. Then, since in the graph 0 <q < max, from (63.16) 


(coy)min < or < (01)max ; (63.18) 
where 
“ye 1 2 EER 1+ KeGmax ‘ 
(armin = TT,’ (wr)max = ET, (63.19) 





and max is the value of q(a) at a = b; it is taken from the graph 
(Fig. 279b) or calculated from (63.15) according to the formula 


Qmax = kı f -7 [sins 2 +2 n y- ll ’ (63.20) 
2 2, 


2 





(for the significance of b, and b, see Fig. 279b). 

Substituting now various values of œ; (in the interval (63.18)) 
in the expression for k (63.17), we see that with w= (wmm we 
obtain k = co, while with increase of w the value of k decreases. 


594 The Dynamics of Automatic Control Systems 


Let us determine if it decreases monotonically or if an intermediate 
minimum in the value of k is possible. Testing expression (63.17) 
for a minimum (by equating the derivative dk/dw; to zero) gives the 
result that a minimum is possible with 


2_ 1 es 
where from (63.17) we obtain 
ke TV 
knin = T, (1+ V3 + Ta) ‘ (63.22) 


Substituting the value (63.21) in formula (63.16) gives 


1 T, 
dim =e itz (63.23) 


Further it is necessary to distinguish two cases: 

(1) the system parameters are such that the value gm calculated 
from formula (63.23) is greater than gmax on the graph (Fig. 279b); 

(2) the parameters of the system are such that the given value gm 
is less than gmax- 

In the first case (when qm > gmaz) from the graph (Fig. 279b) the 
value qm does not correspond to any real amplitude of oscillation. 
Consequently, the minimum + does not exist and there is a mono- 
tonic k with increase of œ. Assigning arbitrary values to œ, we 
calculate for each of them from formula (63.17) the value of k 
(abscissa of the graph in Fig. 280a) from formula (63.16) the 
quantity q, for which we take from the graph of Fig. 279b two values 
of amplitude a(b,< a < b, and a> b). We obtain as a result 
two curves in the graph of Fig. 280a, representing the dependence 
of amplitude and frequency of the periodic solutions on the coef- 
ficient k. Here from (63.17) with the substitution Wmax (63.19) we 
have for Fig. 280: 


= 1 + keGinax 


Imax 


ko 





[+ r; + Feten) (63.24) 

In the second case (when gm < max) @ minimum k exists, where 
according to Fig. 279b two values of amplitude a,, and a» correspond 
to it. The corresponding points a,, and ay, are also shown in the 
graph of Fig. 280b. The magnitude of k, is defined from formula 
(63.22), i.e. for Fig. 280b we have 


2 
ky = kmin = a (1 + y: + T . (63.25) 
1 
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Assigning values to ow; and calculating the coefficient k from 
formula (63.17) we obtain the curves Aa,,C and Ba»C, where the 
amplitude a, is defined from formula (63.16) and from the graph 
in Fig. 279b. At the point C, where w; = (1)max, from (63.19) 
and (63.17) we have: 


kn DN 1- + kemar 





1 1 
lz + T, (1+ batons) : (63.26) 


Qmax 





—-k— bk -y 


Jo-brancha,, C 
1 
7 To branch 
i 4, 8 


— ee te nr eran ee owe 


-+ 






A 


ox 
» 
> 
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Let us investigate the stability of all the periodic solutions found. 
The expressions for the partial derivatives figuring in (62.33) will 
have the form (63.12), but their signs will differ. Thus, on the basis 
of (63.12) and the graph of Fig. 279b we have: 


ox ay 
(Fe)? end (>O wih Rach, (882 
OX oY 

(a), <9 and (a), <? with a> b, (63.28) 


This leads to the following results. The lower curve in Fig. 280a 
corresponds to unstable periodic solutions, the upper, to stable. 
The same relates to the curves a,A and a»B in Fig. 280b. But in 
this case there are also two additional curves a,,C and aC, where 
the lower of these two additional curves corresponds to stable periodic 
solutions while the upper to unstable. All these relations are indicated 
by vertical arrows in Fig. 280. 

In the result, as is evident from Fig. 280, the given servomechanism 
with non-linear drive has a region of stable equilibrium: k< kh. 
Outside this region with k> ką, it has small-signal stability for 


39 


596 The Dynamics of Automatic Control Systems 


initial amplitudes of oscillation located below the lower curve in 
Fig. 280. If the initial amplitudes of oscillation are above this lower 
curve, self-oscillation is established in the system, with amplitude 
and frequency defined by the upper curve in Fig. 280. In addition, 
for certain relations among the parameters of the system the for- 
mation of an additional self-oscillatory process is possible with lower 
amplitude and higher frequency, defined by the curve aC (Fig. 280b). 

We recall that the amplitude of oscillation in the present example 
is not defined for the regulated quantity 6 but for the quantity I,. 






tay rs 


(b) dy 1 l 





Fig. 281 


To find the amplitude ag, of oscillation of the quantity 6, knowing 
the values a; and «w; in Fig. 280, it is necessary according to (63.14) 
to employ the formula 


2 aglan) agla) 
(Tip + 1)Plo=io oV Tiof+1 


Similarly it is possible to define the amplitude of the first harmonic 
of oscillation of other variables in other elements of the system. 

In Fig. 280c and d are shown graphs for the value ọf the oscillation 
frequency œ, for the cases shown in Fig. 280a and b respectively. 

Example 3. Let us now consider a servomechanism with linear 
motor characteristic but we shall take into account dry friction 
simultaneously with linear (Fig. 281a). The equation of the controlled 
object with motor now has the form (54.8). Here two cases are pos- 
sible: (1) oscillation without stopping, when the conditions of the 
first of equations (54.8) are realised; (2) oscillations with stopping, 
when the two equations (54.8) apply alternately. Let us consider 
the first case and define the conditions of its realisation. 

Thus, we write the first of equations (54.8), dividing it by ¢, 
in the form 


a (63.29) 


7 , J. 
T1B+6+k,-sign’ = kl, , y= k, =2, a ae (63.30) 


with the condition that 


L> with ġ=0. (63.31) 
1 
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Let us put « = Ê. Then this equation will be: 


(T,p+1)e+F(2)=khI,, æ=pb, (63.32) 
where 
F(x) = k, signe . (63.33) 


Since motion is assumed without stopping, the non-linear function 
(63.33) is subjected to harmonic linearisation as a relay charac- 
teristic and on the basis of formula (61.38), putting 


x = asinot, 
we obtain 
4k, 
F(s). (63.34) 


where a is the amplitude of velocity oscillations x = pp. The ampli- 
tude of oscillation of the angle B will be: 


a 


a 
6 (6) 


a 
(e =— cost] ; 
(63.34) represents the well-known formula for linearisation of 
dry friction (see Section 13). Let us find the conditions for which 
it is here valid. According to (63.31) and (63.32) we have 

















Weave T,#| _ | Tacos at Taw s k, 
RSR kı r=0 kı sin ot=0 ky kı : 
from which 
aw > & or apo? > Re (63.35) 
T, e T? i 


which is the condition under which the further solution is valid. 
The characteristic equation of the entire closed system from (63.32), 
(63.34) and (54.10) takes the form 


4k 
(Taz t1) a? thlTa+i)ketkk+(T+1)(T +1) =0. 


In the expression for the Mikhailov curve L(ié) = X(o)+iY (w) 
we have in the present case: 


4k 

X(8) = kk— (Zz Ty + kk Ta + Tat T) at 
z (63.36) 

Y (ð) = (= +hyky +1) — TT . 


Equating them to zero, we obtain two equations for finding 
periodic solutions. To investigate the influence of the coefficient k 
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on the system dynamics, we express the quantities k and a; in terms 
of œ; fiom these two equations: 


Toi sy 


2 2 = 
(Tso; +1), qQ= n(T, Tyco? — 1 — kke) . (63.37) 


k= 





We note that a; = oo with 


l% $= 1 + kike 
noari T T 


Varying œ in the interval (0), < ù S< +20, we plot the graph 
a, = f(k) according to formulae (63.37), as shown in Fig. 281b. The 
condition for which this solution is valid was expressed by in- 
equality (63.35). Substituting in it the values a= a, and w= a 
from (63.37), we bring it to the form 


4/V2T.b 
x[b—2T (1 + kyk,) | 











1+ kike (1 + kike 
» b= 


a T, E4 T) (63.38) 


>1, (63.39) 


where 
b = V TÊ + 4k kT, T — T. 
To study the stability of this periodic solution we find from (63.36): 


ax aY ax av 

(æ> (a) (h Ge)<° 
Criterion (62.33) is not satisfied, which signifies that the given 
periodic solution is unstable. This is shown by the conventional 
vertical arrows in Fig. 281b. 

It is easy to verify that the value k, (63.38) coincides with the 
boundary of stability of a linear system without dry friction. Conse- 
quently, the addition of dry friction somewhat broadens the region 
of stability of the system but in a very peculiar way, namely: insta- 
bility of the periodic solution found signifies that with k > kẹ and 
satisfaction of condition (63.39) the system may be small-signal 
stable (with initial conditions which give initial amplitudes of tran- 
sient oscillation in the system lying below the curve in Fig. 281b). 
However the system is large-signal unstable (with initial amplitudes 
of oscillation above this curve). This may be explained physically 
by the fact that at large amplitudes and, consequently, at high 
velocities the damping effect of dry friction, which has the same 
magnitude at any velocity, becomes negligible, as a result of which 
the system is unstable in the same way as it was in the absence of 
dry friction. 

When (63.39) is not satisfied, investigation of both equations (54.8) 
simultaneously is necessary (this corresponds to non-linearity of the 
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second class, since it involves both quantities: input I, and output §). 
Here the oscillations of angle B will take place with stopping. This 
is a more complicated problem. 

Example 4. Let there act in the same system not dry friction 
but resistance to motion of object proportional to the square of 
the velocity (simultaneously with linear), as in Fig. 282a. Tae 


(a) 44 (oha, 





Ferg 
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equation of the controlled object with motor has in this case the 
form (55.11). Let us rewrite here in a different way by analogy to 
the preceding example: 


(T:p+1)e+F(2) = kI, @=pß, (63.40) 
where 
T=, ma, Pa)=kæsigms, k=”. 
2 2 2 
Putting æ = asin œt, from the formulae of harmonic linearisation 


(61.17) we obtain: 


q(a) = >f k,a* sin? u (sign sin u) sin u du 
0 





d 2n 
aoe f Kaa? sin? udu— 4f kasintu du = Skua ; 
Ta ; TA 3r 
Consequently 
8k,a 
F(a) s an 


Setting up the characteristic equation as before, we come to the 
expression 


X(6) = kık— (D+ Tat tko Tst SE Sa — T; 5, 


(63.41) 
Y(8) = (2 -+ bkt ZEN- T,T;& . 
Equating them to zero, we find 


k= Tut 





3 
(Tiwi +1), ay = gg TTo- 1—Iyk,). (63.42) 
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The limiting values of œ and k coincide here with the above (63.38) 
tut they no longer correspond to a; = oo but to a, = 0. As a result 
we obtain the graph for determining the amplitude and frequency 
of the periodic solution, represented in Fig. 282b. 

From (63.41) we have 


OX oY OX oY j 
(=), <0 ; (=) >0 , (a, <0 , ()< 0. 


Criterion (62.33) is satisfied. Therefore the periodic solution found 
is stable. Consequently, the quadratic friction leads to oscillations 
in the same region of parameters where the system without this 
additional friction would be unstable. This explains the increased 
damping effect of quadratic friction with increase in amplitude 
(and velocity) of oscillations, which prevents unbounded divergence 
of the system. We note that passage of the form of resistance to 
the motion of the object at high velocities from linear to quadratic 
is fully realistic. 

The amplitude and frequency of oscillations are here defined by 
the graph (Fig. 282b) or formulae (63.42), where the amplitude of 
oscillation of the angle 8 will be ag = a;/w,. 

Example 5. In the same servomechanism let it be required to 
take into account the effect of backlash in the mechanical trans- 
mission between the motor and the controlled object (shown sche- 
matically in Fig. 237) with linear motor characteristic and linear 
friction. In the oscillatory processes which interest us here the 
dependence between the angles of rotation ĝ (after the backlash) 
and ß, (before the backlash) will have the non-linear form shown in 
Fig. 237b, where b is the half-width of the backlash. Aside from this 
ron-linear dependence a second non-linearity is present (54.11). 
Assuming that the moment of inertia of the controlled object J, 
is large in comparison with the reduced moment of inertia of the 
motor, we shall put in equation (54.11) Ti =0. 

The first non-linearity (Fig. 237b) after harmonic linearisation 
with 6, = asin ot, from formula (61.50) takes the form 


p= [a-t pa, (63.43) 


where q(a) and g,(a) are defined from formulae (61.47) in which it 
is necessary to take k= 1 (since the characteristic of Fig. 237b 
has a slope of 45°), namely: 
1{x Le. 
qla) = = (5+ m+ 58n2u) , 
(63.44 ) 


1 4b b 
ee 2 = — — ee 
qla) = ~ CORU, = =| s) : 
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where 
w = sin (1- 2) ; (63.45) 


The second non-linearity (54.11) is written in the form F(§,, ĝı) 
= k,I,. It is subject to harmonic linearisation according to formulae 
(61.20) and (61.21) also with 8, = asinwt. The relation between 
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the angles 6, and 8 is shown in Fig. 283. From the lower graph in 
Fig. 283 and formula (54.11) it is evident that 


F(8,, 6) = T,6,+ 6, 
with 


O<u<5, nam < uct, 2r— uÙ < U <T 
and further (assuming that Ti = 0) 


F(6,, ĝi) me 6, 


with 


T 3r 
3< U< T— U, z < U< nru. 


The condition of absence of the constant component (61.22) is 
here satisfied, while the second of formulae (61.21) takes the form 


2n 
qla, wo) = =f (aw cos u) cos udu + 
0 


n/2 37/2 
+ Í T,(— aw?sin u) cos udu -+ | T,(— ao*sin u)cos udu +- 
0 T—Uy 


2n 
+ | 7,(—avtsinu)cosudu ; 


2n—-uy 
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q.(a,) is defined similarly. Integrating and equating the results 
to the expressions (63.44) we obtain 


g(a, o) = w— g(a) Tio? , 


where q,(a) is the same as in formulae (63.44). As a result in place 
of the non-linear equation (54.11) with Ti = 0 we have 


[q.(@) Tip +1— qla) 7,0) p8, = kla, (63.46) 
where 
1 1. 
qla) = — G +5 sin2) ; (63.47) 





Fig. 284 


and q,(@), uw, are the same as in (63.44) and (63.45). In Fig. 284a 
are shown graphs for the magnitudes of the coefficients 
q(a), g(a), g(a). 

On the basis of (63.43), (63.46) and the linear part (54.10) we 
come to the characteristic equation 


(Tse +1)[g(a) Tiz + 1— g(a) Ty w]e + 
+ kil Tye +1) hye +k] [2ca)— ule) | =0. 
Consequently, in the Mikhailov curve expression we have 
X (č) = kıkg(a)—[T;— TT oga) + Tigla) + kikaTag(a)]&? , 


¥(6) =|1— Tila) o + kykyq(a) — kik si] D 


@ 





= [Trla kkr, t| a. 


@ 
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To investigate the influence of the parameter k on the free oscil- 
lations of the system we equate this expression to zero, substituting 
6 = w and we express the quantity k in each of them individually: 














_ keg (a) pear i Ts D 
Ma a ela E 
TT 99, 
— BED as, (63.48) 
= keg (a) l | Ss Ti 2_ Li 2sq.(a) 
i bn tigla i (T Tako) o “hala a’. (63.49) 


Assigning various values a = @, for each value we plot from 
these equations two curves k(w) (Fig. 284b). Their point of inter- 
section gives the corresponding values w; and k. As a result it is 
possible to plot the graphs (Fig. 284c and d) of the amplitude a; and 
frequency w, of the periodic solution in dependence on the para- 
meter k (each pair of curves as in Fig. 284b gives a singlo point on each 
of the graphs of Fig. 284c and d). 

At a = œ, as is evident from Fig. 284a, we have q(a) = qa) = 1 
and q,(a) = 0. Therefore we find from the expressions X(«;) = 0 
and Y (a) =0: 


Awe 1 + kika a (1 + kike) (Ti + Takke) 
(wo = Tt,’ ky = -i oo (63.50) 


where along the curve in Fig. 284c the frequency w varies in the 
interval 0 < or < (or). 

To investigate the stability of the periodic solution here, in 
contrast to the preceding examples, we employ the method of 
averaging the periodic coefficients discussed in Section 62. The linear 
part of the system from (54.10) corresponds to an equation in devi- 
ations 

(Tap +1)AIL, = —[(T;p +1) hep +k AB . (63.51) 


The first non-linearity (Fig. 283) gives an equation in deviations 
AB = x(a) AS, , (63.52) 


where in accordance with formula (62.28) the coefficient x(a) is 
defined as the average value over a period 08/28,. The quantity 
28/28, = 1 with motion of the system, when $ = B, +b and 28/28, = 0 
when the system is stationary, as shown in Fig. 285¢ (with 
Bı = asin ot). On this basis we obtain 





=at, (63.53) 
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The second non-linearity (54.11) with Tj=0 corresponds to an 
equation in deviations 


[x(@)p +1] pAs, = k, AL, , (63.54) 


where the coefficient x(a) as the average value of the derivative 
Fð”, (where F denotes the left-hand side of the non-linear equa- 
tion (54.11)) according to Fig. 285d, will be 


(63.55) 
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On the basis of equations (63.51), (63.52), (63.54) we obtain the 
characteristic equation 


T,T x(a) p®? + [71% (a) + Ts + kykeT3x(a) | p?+ 
+L + kylegx(a)] p + bake (a) = 0, 


The condition of stability of the periodic solution from this, 
applying the Vyshnegradskii criterion (29.3), may be written in the 
form 
1 
ERAN] 


T, 
T+ tkk T. f 
[B+ stay? i J x(a) , (63.56) 


es iT 





It is everywhere satisfied since from (63.53) and (63.45) we have 
0 < x(a) <1, as a result of which the right-hand side of inequality 
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(63.56) is greater than the quantity k, (63.50) while the value k in 
Fig. 284c is limited by the condition k < ky. 

In addition, it is easily seen that the quantity kẹ (63.50) coincides 
with the boundary of stability of the linear system (without back- 
lash). Consequently, from the graph of Fig. 284¢ the backlash in 
the given servomechanism establishes self-oscillation in that region 
where the system without backlash was stable; the region of insta- 
bility of the system remains without change. 


(a) W (b> 44 tay 42 
C g c 
ba T Do TE DTN 


Fic. 286 





Example 6. Let there exist a relay temperature regulation system 
(Fig. 27), described according to Section 53 by the equations (without 
feedback and neglecting the constant Tg) 


(Tıp +1)0=-—kč, w=k,6, | 


(Tsp t+1)p—=kV, V=F(a), J (63.57) 


where F(x) is the relay characteristic shown in Fig. 286a. At the 
end of this example we shall also take into account time delay in 
the relay, instead of hysteresis delay. 

The harmonic linearisation of the relay characteristic Fig. 286a 
according to formulae (61.16) and (61.35) gives 





V = g(a) 2 p]e, (63.58) 
where . 
q(a) = OV —B+V ab), | 
(63.59) 
hoh 
uo -2hb | 


From equations (63.57) and (63.58) we obtain the following charac- 
teristic equation for the closed system: 


(12+ (T+ 1)2 +k am- 222] — 0, 


where 
k = kks . 
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From this we obtain the expression for the Mikhailov curve 
X(&) = kykq(a)— (Ti+ Ts) 6? , 


Y(a) = [1 kik a aa T Ta. 


(63.60) 





Let us investigate the influence of parameter k on the stability 
and self-oscillations in the given system. Equating (63.60) to zero, 
with a =a, ù = © = wm, we have: 


g(a) _(Li+Ts) o 


z 63. 
Qa) 1-—T,Twr i ney) 
from which, after substituting (63.59) we find 
2 2 2.2 2,2 


422 ? 
where 
(b,— b) (T: +73) ox , 


1 PPP 
Then from the second equation (63.60) taking into account (63.59) 
we obtain 
_ x(1—T,T sof) oy 2 
k= okb b.) ay. (63.63) 
From (63.62) and (63.63) it is possible to plot graphs for the ampli- 
tude a; as a function of the parameter k by points corresponding 
to individual values of frequency wp as was done in the previous 
examples. At the same time, since k% is positive, from (63.63) it is 
necessary to assign values of œ; in the interval 
1 
2 
Let us consider particular cases. 
Let the relay have the characteristic of Fig. 286b, where b, = b, = b. 
For this case we obtain from (63.59) 


4 pees 
g(a) = Ve, qla) =0. (63.65) 


Therefore the second of equations (63.60) gives the constant 
value of frequency of the periodic solution 
2 1 

S .66 

Wz TT, (63 ) 

Substituting this in the first equation (63.60), taking into account 
(63.65) we find 

__7(Ti+T;, aai 


= T (b < a < œ). (63.67) 
Ack, TT; a,—b 
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Here k = oo in two cases: a, = b and a, = oo. Let us find kmin from 
the condition of vanishing of the derivative of k with respect to a. 


We obtain 
_rb(T, +T) 


= i — 2, . 
Kmin 2k, TT, with a=by2 (63.68) 


The corresponding graph of a; as a function of the parameter k 
is shown in Fig. 287a. For this particular relay characteristic 


(a) aE i { 
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(Fig. 286b) to investigate the stability we employ criterion (62.33) 
for which we first find from (63.60) and (63.65) 


B-E 
da], nay a— b? \a? 
{>0 for a 
[<0 for a>by2 


oY ay 
Fal = (a), < : 


Consequently, the lower branch of the curve in Fig. 287a corre- 
sponds to an unstable periodic solution and the upper to a stable 
(oscillatory). 
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In a second particular case let the relay characteristic be ideal 





(Fig. 286c), i.e. b, = b, = b = 0. Here we obtain the previous con- 
stant value œ, (63.66) and from (63.67) the linear dependence 
_ 4ck,T,T, eae 
1 RCRD) nee 


shown in Fig. 287b. Here only self-oscillation is possible; the region 
of stability of the equilibrium state existing in Fig. 287a here drops 
out. 

As we see, the zone of insensitivity has a stabilising significance 
for a relay automatic regulation system, where the width of the 
stability region (0 < k < km) from (63.68) is proportional to the 
width of zone of insensitivity 2b. Comparison of the given solution, 
taking into account the inertia of the regulator T, with a solution 
neglecting T, shows the importance of taking into account this 
factor. For example, for a characteristic of the form Fig. 286¢ neg- 
lecting T, we find only stability (a, = 0) for arbitrary numerical 
values of the parameters (which does not actually occur), while 
taking into account T, only self-oscillations (Fig. 287b). For a charac- 
teristic of the form of Fig. 286b in place of an unlimited region of 
stability (neglecting T,) a strictly limited region of stability is ob- 
tained and further a region of self-oscillation with large amplitude 
with simultaneous existence of small-signal stability (Fig. 287a). 

Further, in the third particular case when the relay has a purely 
hysteresis characteristic (Fig. 286b), i.e. b, = — b, = —b, from (63.59) 
we have 
4cb 


vE, qla) =. (63.70) 


4e 
q(a) = EE 
Then from (63.62) we find 


2 2 2 2 
Fees ol healed ly (63.71) 
(1— 7,737) 





while from (63.63) 
p — Dol + Tiwi) (1+ T3) 


- (63.72 
4ck(1— 7,701) ) 


The curves in Fig. 287c and d plotted from these formulae define 
the amplitude and frequency of the periodic solution as functions 
of the magnitude of the parameter k. We shall here determine the 
stability of the periodic solution by the method of averaging the 
periodic coefficients. To calculate the coefficient x(a) from (62.28) 
it is necessary to know the derivative of U with respect to 2, which, 
however, becomes infinite at «= b, when ¢>0 and at v = —b, 
when #<0. To avoid this, we replace the given characteristic 
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(Fig. 286d) by a new one (Fig. 288a), from which the given charac- 
teristic is obtained by the limiting process k—>0. (For a second 
method using the delta function, see example 1 in Section 64). For 
the characteristic in Fig. 288a with variation of x according to the 
function # = asinwt (Fig. 288b) the derivative 2 U/ðæ takes on the 
value shown in Fig. 288c, where 


wy = sine, lg = sin7? -— . (63.73) 





Uy Ug (UR +l) En 


Fic. 288 


Averaging its value (62.28) according to Fig. 288¢ with limiting 
passage to the given characteristic (h-0) we have: 








z 2e (Uz — U 
-ema ee, 
h—>0 2r uzu, TA (SİN Ug — SİN Ut) 
since h = asin u, — a sin t. 

Putting u, = u, + Au and taking the derivatives of the numerator 
and denominator with respect to Au, we obtain: 


2e 2c 


x(a) — lim = A A 
Auo TACOS(U, + Au) xy ya— b 





(63.74) 


Thus, from (63.57) and (63.74) we obtain the following charac- 
teristic equation: 


TT + (T, + T3) -He + kikx(a) = 0. (63.75) 
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Then the condition for stability of the periodic solution according 
to the Vyshnegradskii criterion (29.3) will be 


(Ty +25) > Ty Tykykx(a) . 


Substituting here x(a) from (63.74) and the values aj and k from 
(63.71) and (63.72), we verify that they are satisfied. Consequently 
there will be stable self-oscillation in the system æ = asin œp, with 
amplitude and frequency defined by the graphs of Fig. 287¢ and d 
or formulae (63.71), (63.72). 

In the last case we took a purely hysteresis relay characteristic, 
when the delay in relay switching was defined by a definite value 
of input coordinate # = b (Fig. 286d). We shall now consider a case 
with time delay + in the relay described in Section 53 (see example 
of temperature regulation system). 

Let the relay characteristic have the form of Fig. 286c, but with 
a constant time delay t. Then from (62.21) and (63.70), where b = 0, 
the approximate equation of the non-linear element in place of 


(63.58) will be 


4e 
V = — eg. 
na 


As a result we obtain the characteristic equation of the system 
4e 
(Tye +1) (Taz + 1)e+ hk et = ` 
The substitution z= iw taking into account the expression 


e-* = costrw—isintw gives the Mikhailov curve expression L(ið) 
= X(6)+74Y(&), where 





X (6) = Ék cosets — (T, + Ta) 5? ’ 
¥ (3) = -E sinata TTG. 


Equating them to zero according to (62.6), we obtain two equations 
from which we find 
(Ti+ B)atanto, = 1— 7,750; , 
a Ach,k 

noV 1+(Ti+ T3) ot + TiTgor 

The first defines the frequency and the second the amplitude of 
oscillation in dependence on the regulator gain factor k and on the 
other parameters of the system. From comparison of the formulae 


obtained with (60.33) it is possible to see the character of the effect 
of the regulator time constant T, on the oscillations in the system. 


ay 
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We note that in all relay systems considered in the present ex- 
ample, a; denoted the amplitude of oscillations of the quantity s. 
The amplitude of oscillations & of the regulated quantity 0 (tem- 
perature) according to the second of equations (63.57) will be 


a 


i Sie 
2 


Example 7. Let us consider an automatic regulation system with 
regulating organ drive in the form of a two-phase motor. The charac- 


M 







V,< b<by 


Uy 
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teristic of this motor for various values of the control voltage V has 
the form shown in Fig. 289a. 
Linearising the characteristic, it is usually assumed 


M = V — iom « (63.76) 


But this is valid in the first approximation only for the left-hand 
segment of the characteristic. If a larger portion of the characteristic 
is employed it is necessary to take into account its non-linearity. 
Considering that in Fig. 289a with increase of w,, the coefficient c, 
decreases while the coefficient c, increases, we adopt for a description 
of this characteristic in place of (63.76) the following non-linear 
expression: 


M = ĉi 


Siral Fese (63.77) 


40 
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(the absolute values w,, are employed in the coefficients since m 
reverses while the coefficients should remain positive numbers). 
Similarly it is possible to take some other more suitable arbitrary 
non-linear function to describe the motor characteristic. 

Let us make the substitution 


D= m. (63.78) 
Then the differential equation of the motor will be 
dx 
a Eer irea V— eax ejaz , 


where J is the moment of inertia of the entire mass rotating with 
the motor, reduced to the motor shaft. Reducing to a common 
denominator, we obtain 


a d 
JT + Jala + ex (ota + o)leje + eea = eV. (63.79) 


Here we have three non-linear functions 
dx 
F, = |e 3» F, = |se, Fy,=2. 
Their harmonic linearisation according to the rules of Section 61 
gives 
4a dx 8a ; 3a? 
S Eg 
Substitutiug this in (63.79) we obtain the folowing approximate 
equation of the two-phase motor (for oscillation): 


[73(1+0,a)p + (1+ b: + bya*)]2 = kV (63.80) 
in place of the ordinary linear equation (T3p+1)@ = kV, where 


ia P En (63.81) 


Sre, a 7 
Here a denotes the amplitude of oscillation of the angular velocity 
of the motor 2 = wm. 

Further, the velocity of the regulating organ pě taking into account 
the transfer factor of the gear reduction and using the notation 
(63.78) will be 

pE = km. (63.82) 

The equations of the regulated object and the sensitive element 

of the regulated will be taken in the forms 


(Tip +1) =—kč, V= hg, (63.83) 
respectively, where ọ is the deviation of the regulated quantity. 
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The characteristic equation of the overall closed system according 
to (63.80), (63.82) and (63.83) will be 


[T1 +ba)z + (1+ boa + ba) (Tiz +1)e+kk=0, (63.84) 
where 
k = kakak, . 
In the Mikhailov curve expression we have here, consequently, 


X (č) = kık—[T;(1 + b,a) + (1 + bya + bya?)] õ? , 


Y¥(6) = (1 + baa + ba?) ğ= T,T (1 ra b,a) a? (63.85) 


“To find the periodic solutions we equate (63.85) to zero. Let us 
now consider the influence of the parameter k (the overall gain 
factor of the regulator). Equating the second of expressions (63.85) 
to zero and assuming w = & = w, and a = a, we obtain the equation 


bay — (bT, To — b,) a,—(TT,a} —1) =0, 
from which 


es b, TaT% — b+ V (bi T's Tat — ba)? + 4bs( TaT, or— 1) 
Leet es ek mS oe Le SS ae ee a 
2b; 


From (63.81) it is evident that b, > bı. Therefore (63.86) gives the 
dependence of amplitude a; on frequency «œ of the required periodic 
solution in graphical form as shown in Fig. 289b, where 


1 
Mp = 


VET, 


(63.86) 


(63.87) 


Further, equating the first of expressions (63.85) to zero with 
6 = w = œ and a = a, and using the second, we obtain the formula 
for the parameter k, the influence of which is of interest: 


k= 2 (1 +b) (1+ Lief) wi . (63.88) 
1 


From this formula, using the previous results, we obtain the 
graph of the self-oscillation amplitude a as a function of the magni- 
tude of k, shown in Fig. 289c. 

Let us investigate the stability of this periodic solution. For this 
we derive the equation of the system in deviations from the periodic 
solution. The equation of the linear part in deviations from (63.82) 
and (63.83) will be: 


(Lp +1)pAV = — kikke . 
For the equation of the non-linear element (63.79), having the 


form 
(a, @) == QV, 
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we find 
or 
= = Ja -Sign & + Ca + 2 (C203 + 64) [E| + Seger? . 


From (62.25) we obtain 


203; 
T 


xı =J +d 





4 3 
, x = Ca + zls t 4) a+ g Cate & 


Therefore the approximate equation in deviations for the non- 
linear element (63.79), from (62.24) and (63.81) will be: 


j 3 
|z, (1 + z bm) + (1 + z baai + 24a!) lac = Kh, AV , 


while the characteristic equation for investigating the stability of 
the periodic solution takes the form 


[z (1+ bum) 2+ (1 + 5 bat + 2b?) |De +12 + yk ihe 


From this the condition of stability (from the Vyshnegradskii 
criterion 


3 ; 
|z (1 + bia) +T (1 + gbm +2040) x 
x (1 + S bam + 2a} |- T;Tykyk (1 + zba >0, 


while the existence of the periodic solution in accordance with the 
previous characteristic equation (63.84) corresponds to the following 
equality: 


[T1 + bya) + Ty(1 + baa + bsat)] (1 + bmt bsar) — TaTikik (1 + ba) =0. 


From a comparison of the two last expressions we see that for 
stability of the periodic solution the inequality 


1+ s bza; + 2bsaz 
T+ T; ——3—— (1+ 5 bm-+ 20,0) 
14+ =b,a, 
9 
1 + bya; + bya 
> (r,+ m, Hint ati) 1+ ba -+ ba) ’ 


must be satisfied. 
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For large amplitudes a, its satisfaction is obvious. From this it 
follows that it is satisfied over the entire single-valued curve in 
Fig. 289c. Consequently, the periodic solution found is stable; it 
corresponds to oscillations in the given system with amplitude 
and frequency defined by the graphs in Fig. 289b and c or the corre- 
sponding formulae given above. The amplitude of oscillations for 
the regulated quantity 3 from (63.82) will be 





(a. t } 
zia. w , 
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Substituting the value of w, (63.87) in the expression (63.88) and 
putting a, = 0, we find the limiting value of the parameter k in the 
form 
T+T 


bo = FIT ` 





For valucs of the gain factor k < k, the given system is stable with 
respect to the equilibrium state while with k > kẹ, self-oscillation 
arises in it. 

Example 8. Above we have considered the influence of drive 
non-linearity and then the influence of quadratic friction individually. 
We now consider the simultaneous effects of drive non-linearity and 
quadratic (plus linear) friction. The friction moment is described 
by the non-linear equation (55.10) or, which is equivalent, the graph 
in Fig. 290a. Let the non-linear drive have a saturation type charac- 
teristic (Fig. 290b). 

Then the equation of the motor and controlled object in place 
of (63.40) takes the form 


(T\p+1)e+F(e)=cF(L,), 2 = pb, (63.89) 
where F(f,) is defined hy the graph (Fig. 290b). 
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In the present case we have a non-linearity of the second class. 
According to Section 61 we assume 


æ = asinot, I, = Aasin(wt+B), (63.90) 


where A (w) and B(w) are the modulus and argument of the ampli- 
tude-phase characteristic of the linear part, where it is necessary 
to multiply the equation (63.89), according to (63.89), by p. As 
a result we obtain 





Walio) = ka + 3 k — == ke nas oo 4 eS . 
(Tiwo +1)iw 14 Te CETA Jo 
From this 
/ —2kkiTzo? 
A= a estes in peed 63.91 
V ks + T+ Pee?) o? l ) 


which is represented graphically in Fig. 290c. 

Since in equation (63.89) the variables x = pß and J, enter sepa- 
rately, their harmonic linearisation may be carried out individually. 
We apply to the non-linearity in the left-hand side of equation (63.89) 
the formulae from the previous Example 4 (with quadratic friction) 
while to the non-linearity in the right-hand side formulae (63.1) 
and (63.2) in which in place of a we substitute Aa in accordance 
with (63.90). As a result the non-linear equation (63.89) takes the 
form 








8k,a 
( 3) PB = ala, o), (63.92) 
where 
qla, w) =k =k, with a<b, 
hy (yb b / 7b} 
q(a, w) = > (sin aAlo) + aA (a) 1 Pro (63.93) 
with a >b 


and A(w) is defined by formula (63.91) or the graph (Fig. 2900). 
From equations (63.92) and (54.10) we obtain the characteristic 
equation of the closed system in the form 


8k,a 





(I+D (Tert 2) 2+ (Tee + Ike + gla, PTR 


The Mikhailov curve expression is thus 


Llio) = X(o)+iY (o), 
where 


2 
3/0"; 





K (8) = kg(a, o)—|7, 
pe 





Y (©) = [1+ rala, o)+ ji- T Do. 
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Equating them to zero, we obtain 





1 8k 
q(t, a) = 7, (Mfaot—-1- sl 





— Dol + Tro") 
~ dno 


From the first equation we find easily all possible values of ampli- 
tude a, and frequency «; as follows. 

We assign some value to œw, From the graph in Fig. 2900 we 
find the corresponding A(w;). From formula (63.93) we plot the 
curve q(@, œw), shown in Fig. 290d. 

We call right-hand side of the first of equations (63.94) z 


oie 


37 J? 


| (63.94) 


z(a, o) = (Tio 
ke 


and plot the straight line z(a, w;) according to this formula in the 
same Fig. 290d. At the points of intersection we obtain the required 
values of a, as well as the values of g(a; œ). After this we calculate 
the value of the parameter k from the second of formulae (63.94). 

Carrying out the same operation for various values of œ and 
obtaining for each the corresponding a and k, we can thus obtain 
graphs similar to those which were obtained in the previous examples. 
The amplitude of oscillation of the angle 6 will be ag = @/w Then 
according to (63.94) from the condition of positiveness of the quantity 
q(t, w;) we should have w> 1/7,T7;. 

Ezample 9. For simplicity in all examples above we have limited 
ourselves to third-order equations. The method is unchanged for 
arbitrary order of equation of the non-linear system. Let us take, 
for example, the automatic course regulator of the aircraft with 
non-linear rudder drive. The aircraft equation (with respect to 
course) taking into account the angle of slip, according to (25.8) 
will be 

K(Lip+1)(T2p+1)+h&T]py = —A (Typ +1)8 


(in the transient without external perturbations). The autopilot 
with feedback and with introduction of two derivatives is charac- 
terised by the equations: (a) the linear equation of the sensitive 
elements and the magnetic amplifier according to (25.11), (25.19) 
and (25.24) 


(Tap + 1)I = (kzka + hgh, p + ks kap?) — kykd 
and (b) the rudder drive non-linear equation 
ps = F(I), 


where F'(I) may have any of the forms shown in Fig. 240. 
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For example, in the presence of hysteresis and saturation (Fig. 240f) 
the equation of this non-linear element will be 


ps = jaca) 4 ula) ma | I; 


where g(a) and q,(a) are defined by formulae (61.44) with q,(a) < 0. 
With a zone of insensitivity and saturation (Fig. 240b) without 
a hysteresis loop, the equation will be 


= q(a)l, 
where g(a) is given by (61.40) and, in particular cases, by (61.41) 
or (61.42). 
According to the above the characteristic equation of the system 
will be 


[( Dre +1) (Dee +1) + Kalale + f Tae + 1) 2+ Bak Jaca) +40 eN + 
4. (Ly + 1) (laka + kesese + kt kee?) R i ao, =0, 


where q,(a) < 0 in the presence of hysteresis and q,(a) = 0 without it. 

It is possible to consider somewhat simplified types of systems. 
If the autopilot does not have feedback (k, = 0) and the second 
derivative is . ot introduced (k3’ = 0), then taking into account the 
angle of slip of the aircraft (T, # 0) and the inertia of the autopilot 
(T, #0) the characteristic equation of the system takes the form 


(Dye +1) (Lee +1) + kala) (Lye + 1) 22 + 
-H kal Lat +1) (Raley + ego) [aw poa e| = 0. (63.95) 


Putting here z = iw, we obtain the corresponding expression for 
the Mikhailov curve 


L(io) = X(w)++¥ (a), (63.96) 


and, us in the previous examples, equating X (o) and Y (a) to zero, 
we can plot the dependence of a on the parameters k, and kg. From 
these graphs we may draw conclusions as to the possibility of self- 
oscillation and the region of stability of the given system with 
respect to these parameters. If the drive characteristic has no 
hysteresis loop, the system will be stable for those values of the 
parameters for which the Mikhailov curve (63.96) satisfies the linear 
stability criterion for arbitrary constant value a in the interval 
0<a< o. 

Considering various alternatives, it is possible to examine the 
effects of introduction of derivatives, feedback, individual time 
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constants and transfer factors on the system with non-linear rudder 
drive, 

Example 10. In all above examples we have started from the 
Mikhailov curve expression for the non-linear system. But, as shown 
in Section 62, algebraic criteria may be used for the same purpose. 
Let us illustrate this. 

Let us consider, for example, the automatic relay regulation 
system considered above in Example 6. There we obtained the 
characteristic equation for determining self-oscillation in the form 


(Tye +1)( Tye +1)2+ kk |an- n(@) , = 0 





or 





T, Pye + (T, + Ty) 2+ |: -kk aa) z+ kykg(a) = 


This is a third-degree equation. Therefore we use conditions (62.15) 
and (62.16) which in this case take the form 


(Tit To) |1- kk BY] = rade (a) 
7, Tyo? = 1— kk 2 | 
W 
Substituting the second in the first, we may write 


(Ti+ Ts) 01 = kkq (a) . 


From the last two equations we easily obtain the previous relations 
(63.61) and (63.63) and from them all the previous results of Ex- 
ample 6. 

The matter is completely analogous for all the other examples 
analysed above, where a third-degree characteristic equation was 
obtained. 


As a second example let us take the characteristic equation of 
the aircraft with non-linear autopilot (63.95), assuming for simplicity 
T,= 0 and g,(a) = 0 (absence of hysteresis loop). Tt is written in 
the form 

T, Py + (T, + Ta) + (1 + kT + ky Tokalegg (a) 2? + 
+ ki( Tokak, + kegks) q(a)2 + kkskıg (a) = 0. 

To determine the periodic solutions we employ conditions (62.18) 

und (62.19) which here take the form 
(L'sfogha + kaks) (T, + Ts)[1 + ka Tatki Tokokyg( a)] — 
— P,P aki(Tokska + ksks)q(a1)}— kska( Ty + T)?q (a) -= 0, 


(Ty + Ty) oof = ki( Takaka + ksks)q (a) . 
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From the first equation it is possible to express g(a), and thus 
determine the amplitude a as a function of the system parameters. 
After this, from the second equation we define the frequency a. 
In more complicated cases the frequency w, enters into the first 
equation as well (for example, taking into account a hysteresis loop). 
Then these two equations are solved simultaneously. 


64. Improved first approximation in determining self-oscillation 


The method considered above for determining self-oscillation is 
a first approximation to a solution of the problem when only the 
fundamental component of non-linear oscillation is considered. In 
this the fundamental component of the non-linear function was 
calculated only from the fundamental component of the argument. 
We have limited ourselves above to this first approximation in 
studying non-linear automatic regulation systems, firstly, because 
in the majority of problems of regulation theory it gives sufficient 
precision for practical purposes, and, secondly, because the con- 
struction of higher-order approximations is in general very difficult 
(we have fully succeeded in taking into account higher harmonics 
only for the relay system, Section 69, for which there also exists 
the exact solution described in Section 59). 

In a number of cases it is possible to check the qualitative and 
quantitative correctness of the result by a consideration of the 
amplitude-frequency characteristic of the linear part of the system, 
which shows to what extent the higher harmonics, neglected in the 
calculation, are actually attenuated in passage through the linear 
part. In addition, after definite system parameters are selected on 
the basis of the given approximate study, it is possible to plot for 
them the curve of the regulation process (sec Chapter XVIII), which 
serves as an estimate of the degree of correctness of the calculation. 
Finally, experimental results may serve as a criterion. 

Along with this, it is possible to propose the following improved 
solution of the problem in comparison with the first approximation 
considered above based on recommendations of N. N. Bogoliubov 
for cases where it is necessary to take into account at least some 
of the higher harmonics of the argument of the non-linear function. 

Let us consider a non-linear system of the form in Fig. 229, where 
the equation of the linear part is 


Qi(p)a, = — Rip) , (64.1) 
while the equation of the non-linear element, for example 


@ = F (m, %). (64.2) 
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Previously we have sought a solution in the form a, = asin ot, 
assuming that practically no higher harmonics pass through the 
linear part. We now take these higher harmonics into account. and 
write: 

= a8inot+ an, % = 4w COB Ot + Xp, (64.3) 
where m are higher harmonies, 
Ly = Aasin (20t + 2) + aasin (Bot + p3) +... + ansin (nwt + pn) (64.4) 


(only a limited number » o` harmonics can have substantial value). 
The presence of given multiple frequencies in the higher harmonics 
is defined by the expansion of the given function (64.2) in a Fourier 
series with x, = asinwt, while the amplitudes and phases of these 
harmonics depend also on the linear part. For example, for single- 
valued odd (symmetrical) non-linear functions F(x) there will be 
present in the expansion only odd harmonics where frequently it 
is sufficient to take into account only the third harmonic. Then 


Tih = a,8in (Bat + Q3) , (64.5) 


where a, and ọ, are as yet unknown. 

Let us expand the non-linear function (64.2) in a Taylor series 
taking into account (64.3). Assuming that the first harmonic pre- 
dominates, we limit ourselves to the first terms of the expansion. 
In the result, putting u = wt, we obtain 


F(x, 2) = F(asinu, awcos) + Fa, (asin vu, w tosu) By 
+F; (asinu, QWCOSU)%,, (64.6) 


where Fa and F; denote the partial derivatives of the given function 
F(%,,%,) with respect to 2, and #,. Previously we took the first 
harmonic of the function F(asinwu, awcosu). Now we join to this 
function, according to (64.6), corrections taking into account the 
presence of higher harmonics in the argument v, of the non-linear 
function. Substituting the expression for v,» in (64.6), we shall now 
calculate according to the previous rules for harmonic linearisation 
the fundamental components of all three terms of expression (64.6). 

It is obvious that as a result of this improvement the approximate 
equation for the non-linear element (64.2), in place of (61.11), takes 
the following form: 


r 


Ua > (ute +p 


Bar + Bon « (64.7) 
where 2%, = asin wt is the fundamental component of the variable 2, 
while x, are the higher harmonics of the variable 7,. Here q and q, 
are defined as before by formulae (61.8) while the quantities q’ and qi 
represent corrections to these coefficients taking into account higher 
harmonies and are defined by the formulae 
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y= =| [Fz (@SinU, Go COSU) Lin + 
0 


+F: (asinu, awcos uv) &,) sin udu , 
(64,8) 


Qn 


Te ap xe ; 
f = — | [Falasiin u, @ COS U) Vrt 
+F! (asinu, awcosu)t,)cosudu . j 


Among the higher harmonics 2, of the non-linear function 
æ = F(x, č) it is necessary also to determine those which are of 
the same harmonic order as were taken into account in the argu- 
ment x, (64.4). In determining the higher harmonics introduced to 
improve the first approximation, it is natural to limit ourselves to 
the expression F(x., %,) = F (asinu, awcosu). This agrees with the 
fact that expression (64.6) was adopted as the improved fundamental 
component. As a result, applying the formulae for the Fourier series 
coefficients, taking into account (64.4), we obtain: 


1 ; Sa COS P2 — YasiN 
Mata (rrcosg: + Sasin gg -+ -2 a aoe D) aa + 
«ef 


1 $3 COS Qa — T. sin 
4 il COSGs 1 Sasin pa + -> ps 3; 2# p) an J 


1 Sn COS On — In SID 
op cae (raosn + Sn BiN Pr + =: aaa ane 2) Dyn s (64.9) 


where 

Lr | 

"= | F(asinu, awcosu)sin2udu , 
0 
2m 

s= | F(asinw, awcosu)cos2udu , 
0 
er 

⁄ = | F(asinu, awcosu)sin3udu , 
0 
se (64.10) 


Sg == f F(asinu, awcosu)cos3udu . 


n= | F(asinu, awcosu)sinnudy , 
0 
20 

Sn = | F(asinu, awcosu)cosnudu , 
0 
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and the higher harmonics of the argument ~, figuring in (64.4) are 
here denoted by 


By = 4,81 (2wt+ E2), Vy = hin (3at -+ Pa), -3 Lin = Ansin (nwt + Pn) . 


Substituting (64.7) and (64.9) in the equation of the linear 
part (64.1), we divide it into equations. To determine the funda- 
mental component of the oscillation v) = asinwt we obtain the 
characteristic equation 





+ 
Que) +(a+q' AEE) mie) =0, (64.11) 

and to determine the higher harmonics Tis, %s,...,%n we obtain 
the characteristic equations 

1 $ $,CO8 9, — 7,810 
Q(z) + ard (recose,-+a.singe+ ed e) Riz) =0, | 

1 : Sa COS Pa — 7'381N P3 ) 

2) + — [7300893 + S3 8Ìn py + 2) R(z) = 

Que) += (re P3 T S3 SN Pg 3% l (2) t (64.14) 

1. PRES Sn COS Gn — nS Gn , 
Qi(2) + are (r2cosen + 82810 Pn + — r e) Bale y= 0 r| 
respectively, where the quantities 72, Sa, 73, Sa; ...) Tny $n are functions 


of the amplitude a and frequency of the fundamental component. 
Consequently, each of equations (64.12) individually defines the 
amplitude a; and phase 9; corresponding to the jth harmonic as 
functions of a and w. 

Let us now demonstrate the proposed method for determining 
this dependence, for example, for the nth harmonic. Substituting 
in the last equation of (64.12) z = inw, we come to the expression 


Qilino) + = (ra +i8n) (CO8n—48in Gn) Rilino) = 0, 
n 


from which we obtain 


Tanen = Dala, w) , (64.13) 
where 
Pala, w) = — Ved ee (64.14) 


From the last formula it is possible to plot the series of curves 
®(w) in the complex plane for various values of a (Fig. 291a). 
Plotting a circle of arbitrary radius man in the same graph, we obtain 
at the points of intersection a,b,c of this circle with the curves 
(a, w), according (64.13), values of the phase ọn for various values 
of a (as the angular coordinates of the points). We plot the result 
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in the plane of the coordinates an, ọn (Fig. 291b) in the form of 
points A,, Bı, C,. At these points we write the vaiues of œ which 
occur at the points 4, B, C. Plotting in Fig. 291a a series of circles 
of various radii man, we find new points in the plane (an, pn), which 
joined by a smooth curve give the required dependence of a, and on 
on a and w in the form the graph of Fig. 291b *. 


For various A 







For various (l 


AP 


È For various a 





Fur various a 


Fic. 291 


All remaining equations (64.12) are individually solved by analo- 
gous means. 

All these relations must be used to find the fundamental com- 
ponent from equation (64.11), where the coefficients q’ and qj depend 
on all a; and ọ;. Therefore, applying to equation (64.11) the previous 
method of finding the periodic solution (Section 62), we obtain two 
equations 


X(, ©, Az, Po, May Par -s Any Pr) = 0, | 


(64.15) 
Y(a, ©, az, P2, Ag, Pay ---y Any Pr) = 9. j 


Thus, the periodic solution (64.3)-(64.4) will be fully defined 
in a more exact form than the first approximation. 

In particular, if the equation of the non-linear element has the 
form of an odd single-valued function x, = F'(%,) and only the third 


* It is not necessary to plot the graphs of Fig. 291la and 8, in place of which 
we calculate a, = |®,(@, w)|/m and p, = arg®,(a, w). 
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harmonic (64.5) is taken into account, formulae (64.8) take the form 


Qn 





q= neers l Fi,(asin 2) sin3usin udu , 
a (64.16) 
q = acn Fi,(asin u)cos3ucosudu , 
0 
While formula (64.9) will be: 
Dap = = (rosg — ee pe > By = Ag8in (But + pə), (64.17) 
where, from (64.10) 
T3 == | weannayaineias : (64.18) 
0 
Formula (64.14) takes the form 
D(a, w) = eee (64.19) 


as @ result of which the plotting of curves ®(a, w) in Fig. 291a or 
the equivalent calculations are substantially simplified. 

Equation (64.15), defining the fundamental component of the 
required periodic solution, is also simplified, taking the form 


X (a, w, dy, 9g) = 0, Y(a, w, dg, 9) = 0. (64.20) 


Here we have carried out calculations for the non-linear element 
with equation 7, = F(x, ż), and x, = F(a). The same method of 
improving the solution remains valid for the other forms of non- 
linear elements considered in the previous paragraphs. In particular, 
for a non-linear element described by the equation 


F (aq, Ža) = Oy, , (64.21) 


all previous formulae (64.3)-(64.10) remain in force, if we substitute 
in them 2, by x, and a by ¢,2,. In formulae (64.11)-(64.14) it is 
necessary to interchange Q, and R,. The final equation in improved 
form will have the same general structure as (64.15). 

Example 1. Let us improve the first approximation in determining 
self-oscillation for the non-linear servomechanism considered in 
Example 1 of Section 63. We shall take into account only the third 
harmonic, i.e. we shall seek the periodic solution in the form 


I, = Tat Iin ; Ty = asin wt ; Ty, = asin (3 wt + 93) . (64.22) 
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The derivative F’(I,) from the graph of Fig. 276a will be: 


Fly) =ke with —b<I,< +b, 
Fl, =0 with ,<--b and L> +b. 


Therefore, putting 
t4 = sin T 
1 1 ? 


from formulae (64.16), introducing in them c’F in place of F and 
taking into account the previously introduced c’k, = kı, we obtain: 


uw Tey 
q= araos Í sin 3usin udu + Í sin3usin udu ,) 
-u n—u 
. u mise 
i= -r | l cos3ucos udu -+ i! cossucosudu, 
-u TU 


from which we find q’ = qj = 0 with a <b and 


| 4b B a, 
g = BBs — C0893 » 


, _ 4hb b2\3/2 a, 
g= 3) gts 


for a>b. (64.23) 


From formulae (64.18), also with substitution of F by c’F and 
c'ke =k, we obtain r, = 0 with a <b and 
2° 3/2 
_— 4kb ( 2 a 


my = 
: 3 a 





for a>b. (64.24) 


As a result, according to (64.7) and (64.17) the equation of the 
non-linear element (controlled object with drive) will, in place of 
the preceding (63.1), be: 

(Tip +1) p86 = 


q(@) + q'a, a3, G3) + In + 





q(a Aas Pa) y 
W 


15(@) Bin p3 


30 p| Ian, (64.25) 


1 
+ ar [ra COS P3 — 
where g(a) has the previous value (63.2). 
The periodic solution (64.22) will be sought separately for each of 
the two components in the right-hand side of this equation. Joining 
the equation for the remaining part of the system (63.3), we obtain 
the characteristic equation for the first harmonic equation 


(Parte yet (q+ + 4p) te-+(Typ+ 1k] =0, (64.26) 
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while the third harmonic is defined graphically (Fig. 291a) employing, 
from (64.19) and (64.26), the expression 
_ _ r(a)[k+(T,3tw +1) k 8a] 

Da, ©) = — T 3io F 1) (T;3i0 + 1)3ie’ eee) 
as a result of which we obtain a graph of the form in Fig. 291b for 
a, and p, in dependence on a and w. 

From equation (64.26) after substituting z = iw and separating 
the real and imaginary parts we obtain two equations (64.20) in 
the form 


X = (q+q')k— ikem) — (q -H 9’) Takeo? — (Ti +T) = 0, 
Y=qkt+ot(qtq')kw— qi Tzk — T, Ta =0. 


From this we easily find the functions 
a+r =flo), 91 = flo). (64.28) 


In addition, let us plot further the curves q+q' against w and qi 
against w for various values of a (Fig. 2910 and d). These curves 
are plotted as follows. We take an arbitrary value for the amplitude 
of the fundamental component a. This corresponds to a definite 
curve in Fig. 291b from which we take values of the quantities a, 
and 9, in dependence on «w, after which from formulae (64.23) and 
(63.2) we calculate gq’, qi, and g and plot a series of curves (Fig. 2910 
and d). Finally, on the same graphs we plot the curves fi(w) and /,(w) 
from formulae (64.28). The solution of the entire problem will be 
that value of w for which in Fig. 2910 and d the curves /,(w) and fa(w) 
intersect the curves corresponding to one single value of a (for ex- 
ample, points D and E). 

This defines the corrected values of amplitude a and frequency w 
of the fundamental component in the periodic solution. Knowing 
them, from the graph of Fig. 291b we can then take the values of a, 
and 9 . As a result the required periodic solution will be completely 
defined: 

I, = asin wt + asin (3wt + pa) . 


To find the form of the periodic solution for the regulated quantity 6 
in the given system 


B = agsin (ct + Og) + assin (Sut + Pzp) 5 
it is necessary to employ equation (64.25), from which we find 
4a; Pr; Gap, Pag With the use of equalities 


q+g' +in 
(Tyio +1)te? 


ra(a) 


iB —- tos — -A 
ET at! = 2 (8Tiw+1)3t0 * 


41 
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where we substitute the values of o,a,q+q' and qi taken at the 
points D and E (Fig. 291), defining the periodic solution for the 
variable I,. 

Ezample 2. Let us consider the relay system examined in ex- 
ample 6 of Section 63. Let the characteristic of the relay circuit 
have the form of Fig. 286b (with a zone of insensitivity). We shall 
seek the periodic solution in the form 


æ = asin wt + assin (3wt + 9s) - (64.29) 


Calculation of the coefficients g’ and qi (64.16) here has the following 
feature. The characteristic #(#) (Fig. 2865) has discontinuities at 
a =b and «=—b of the magnitude c, and at all remaining s it is 
constant. The derivative of the discontinuity, according to Section 6, 
is an impulse (delta-function). Therefore the quantity F;(x) entering 
into (64.16) will be zero for all œ except s =b and «= —b where 
it will be an impulse of area o. Taking into account that v = asinu 
enters into F, in formula (64.16) and employing relation (61.33) 
we rewrite this formula in the form 


z 


q= tetot f yoqasin ujoinsusinu dt ao 


= nN f Fi(a)sin3utg ude . 


TA 
0 


But in the interval 0 < v <a the quantity Fz(7) is not equal to zero 
only at a single point ~ =b where at this point we have u = 4 
= sin—JI(b/a). Therefore the above integral will be the area of the 
impulse c, multiplied by the quantities sin3u,tanu,. As a result, 
taking into consideration that 


sin’, = 4 
1 a ’ 
we obtain 
3, 
g anie Cae a 
naty a— b? a? 


5 (64.30) 
,  4ca,sing b? 3 
f= Se (1-45) V3 


From formula (64.18) we find 


a 
=4 osin3udu = Ẹ (1— st) 1-5. (64.31) 
0 


OJE] 


Approximate Determination of Oscillations and Stability 629 


Consequently, the equation of the non-linear element, from (64.17) 
here takes the form 


,, Uh 1 / rasin 
V, = (a+ q +p) Ot Ta, (racosg,— Tor?) Bh y 





where @=asinwt, 2, = 4,8in(3at+ 9s) . 


Joining to this the equations for the linear part (63.57) we obtain 
the characteristic equation for the fundamental component in the 
from 


(0) 


(T,2 +1) (T2 -+ 1+ kkq +g +t) =0, (64.32) 
where q has the previous value (63.65). To determine the third 
harmonic we find from (64.19) 


(a) kk 
(3Tio+ 1)(3 Tiot 1)3iw ` 








®,(a, w) (64.33) 
This permits us to find graphically (Fig. 291a) a, and 9 as functions 
of a and w (Fig. 291b). 
Then, substituting in (64.32) z = iw, we write equations (64.20) 
in the form 
X = kkj(q+q')—-(1,+7,) 0? =0. 
Y = kkyqi+ @-— T: Tzw? = 0 . 


From this we find 








Ti+ T) w? 
q+q =flo) oe 
_ _ 2£,T,0—o 
q = f,(w) FER; kk, 5 


After this the problem is solved by the same method as in Ex- 
ample 1. 


65. Approximate frequency method for determining self-oscillation 


On the basis of the work of N. M. Krylov and N. N. Bogoliubov 
(Reference 5, 6) L. S. Gol’dfarb developed the application of frequency 
stability criteria to determine self-oscillations in non-linear systems 
for non-linearities of the type m, = F(#,) and 2,=F(x,,%,). We 
shall here be concerned only with non-linearities 7, = F (x,) since 
in the other cases more complicated graphical constructions are 
encountered. 

Frequency characteristic. As usual, let the non-linear element be 
segregated in the automatic regulation system (Fig. 229e). We open 
the system in the manner shown in Fig. 292a where the equation 
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of the non-linear element has the form 

La = F (2), (65.1) 
while the equation of the linear part of the system will be 

Qp) 2s = Rip) x, . (65.2) 

Closing the system corresponds to the substitution 

O = — T. (65.3) 

(a) 


T Non- Zy |Linear par Ty 
linear of system 
circuit 
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We apply sinusoidal oscillations to the input of the non-linear 
element (Fig. 292a) 


Y = asin ot. (65.4) 


At the output of the non-linear element we obtain forced oscillations 
according to (65.1) 


v, = F(asinat), (65.5) 


which may be found, for example, as shown in Fig. 292b. 

We expand (65.5) in a Fourier series and retain only the funda- 
mental component, dropping all higher harmonies. It is obvious 
that this approximate representation of the forced oscillation is 
equivalent to harmonic linearisation of the non-linearity considered 
in Section 61. On this basis, to determine the fundamental harmonic 
of forced oscillations of the quantity 7, we may employ the same 
method as applied in Section 8 for linear systems, as follows. 

From (61.16) the approximate transfer function of the non-linear 
element with equation 7, = F(a,) will be 


Wa = g(a) +212)» 
and 


Wa = q(a) 
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in the presence of a hysteresis loop and in its absence respectively. 
Here expressions g(a) and q,(a) are defined by formulae (61.17) 
and satisfaction of condition (61.18) is required. 

The approximate complex gain factor or approximate amplitude- 
phase characteristic of the non-linear element with equation 7, = F (x) 
in the presence of the hysteresis loop will thus be 


Wala) = g(a) + 9,(@) (65.6) 
and without the hysteresis loop 
Wala) = g(a). (65.7) 


This approximate amplitude-phase characteristic defines the ampli- 
tude and phase of the fundamental component at the output of 
the non-linear element (if a sinusoidal signal is applied to the input), 
namely, expression (65.6) may be represented in the form 


Wala) = Anla) eao , 
where 





Anla) = VIFF, Gala) = tana t. (65.8) 
Consequently, the fundamental amplitude at the output will be 
(tg = @A,(a) while the phase shift 8,(a), where a is the amplitude 
at the input to the non-linear element. As a result we have the 
following forced oscillations at the output of the non-linear element 
(fundamental component): 


La 0A,(a)sin[at + Ba(a)] . 


For example, the output quantity z, of the relay circuit with 
characteristic of Fig. 267a varies during the forced oscillations 
as shown by the continuous polygonal line in Fig. 292c. The broken 
line shows the fundamental sinusoid of component, where from 
(65.8) and(61.35) we have 





= 24/ 2 7. bA] mdr 





T a a 
b(1— m) 

yat + ya — mb ` 

The actual stepwise curve is replaced in this case by a sinusoid 

(fundamental component), the peak of which coincides with the 

axis of symmetry of the actual rectangul r waveform (Fig. 292c). 
For non-linear elements with equations the form a, = F(2,) 

without hysteresis loop, as we know from Section 61, q,(a) = 0. 

Consequently, for such elements An = q(a) and B, = 0, i.e. the 

forced oscillations do not have a phase shift at the output. 


Bn = — za = —tan~i 
2 2 
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One of the principal differences in the character of forced oscil- 
lations in non-linear systems from those in linear is their essential 
dependence not only on the frequency but on the amplitude of 
the input oscillation. This principal property is registered by the 
approximate expression for the amplitude-phase characteristic writ- 
ten here for the non-linear element. In formulae (65.6)-(65.8) we 


Scale for curves A (b/c) 





a 


Scale fox curves B, 





Fig. 293 


obtained a dependence only on amplitude a, since consideration 
was limited only to non-lincarities of the type #, = F (x,). For more 
complicated non-linear elements the frequency w also enters into 
the amplitude-phase characteristic. In addition, as we shall see 
below, a dependence on frequency will always enter through the 
lincar part of the system. 

In Section 61 we presented expressions g(a) and gq,(a) for the 
most typical relay and other simple non-linear elements. On this 
basis we plot approximate amplitude and phase characteristics, 
calculating according to formulae (65.8). The results for the simplest 
cases are presented in Figs. 293 and 294 (the graphs are taken from 
the work by L. S. Gol’dfarb, 1947). They also present the inverse 


Approximate Determination of Oscillations and Stability 633 


amplitude-phase characteristics 


1 
Wala) 


The graphs indicate all necessary notation and the types of non- 
linear element characteristics. It is possible similarly to plot graphs 
for other specific non-linear elements. 


M,(a) = = X,(a)+1tY,(a) . (65.9) 


B> 


EREA 





The amplitude-phase characteristic of the linear part of the system 
wil have, according to (65.2), the form 


roos N (65.10) 


Tho overall approximate amplitude-phase characteristic of the 
closed network with non-linear element will be 


W(a, @) = Wala) Wilio) = [g (a) + iga) Wiio). (65.11) 
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Consequently, the amplitude and phase of the fundamental com- 
ponent of the output quantity 2, defined by the formulae 


a,=|W(a,o)|a and f,=—argW(a,w), (65.12) 


depend here not on the frequency w as in linear systems, but also 
on the input amplitude a. 

Finding self-oscillations in closed systems. Undamped sinusoidal 
oscillations with constant amplitude in the closed system, according 
to the frequency stability criterion (Section 30) are defined by 
passage of the amplitude-phase characteristic of the closed system 
through the point (—1, 0), i.e. by the equality W = —1. In the 
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present case this will be the condition for existence of a periodic 
solution in the closed non-linear system which is assumed approxi- 
mately sinusoidal. Thus, we have the condition 


W(a, œ) =—1. 
Taking into account (65.11) and (65.9) we may write this in the form i 
Wilio) = — M,(a) (65.13) 
or 
1 
Wilio) = ——— -m 65.14 
dio) = — ay F igla) i 


where q,(a) = 0 in the absence of the hysteresis loop (the right-hand 
side of (65.14) will be in this case real). 

The left-hand side of equation (65.14) or (65.13) represents the 
amplitude-phase characteristic of the linear part of the system 
while the right-hand side, the amplitude-phase characteristic of the 
non-linear element (fundamental component), taken with opposite 
sign. This equation may be solved graphically as the point of inter- 
section of the two characteristics (Fig. 295a and b). At the point 
of intersection we take from the curve W)(iw) the value of the 
frequency o, while from the curve M,(a) we take the amplitude a 
of the required periodic solution. Fig. 295a corresponds to a system 
with non-linear element having a hysteresis loop, when, from (65.6) 
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and (65.9), the characteristic Mp(a) is complex. In the absence of 
the hysteresis loop when Mala) is real, we obtain the graph of 


Fig. 295b. 
In place of (65.13) it is possible to employ also the expression 
1 
~ Witte) 7 Wala), (65.15) 


i.e. to seek a solution as the point of intersection of the amplitude- 
phase characteristic of the non-linear element with the inverse 
amplitude-phase characteristic of the linear part of the system 
taken with reversed sign (Fig. 295¢ and d). 


(a) (b) 
w Nw) 





Fig. 296 


The stability of the periodic solution is roughly estimated as 
follows (this method is not rigorous, but in many cases its appli- 
cation is sufficient). We give a small increment of amplitude a = a+ 
+ Aa, Then with positive Aa we obtain on the curve — M,(a), for 
example, the point a, (Fig. 296a), while with negative Aa, the 
point a,. For the periodic solution to be stable it is obviously necessary 
that with positive Aa the oscillations are damped while with nega- 
tive Aa they diverge. From the frequency criterion (Section 30) 
for a stable or neutral closed system it is necessary that the resultant 
amplitude-phase characteristic W (a, œw) in the first case should not 
enclose the point (—1, 70) and in the second should enclose it. But 
the overall characteristic W (a, œ) is not plotted in this method. 
Therefore the above conclusion must be extended to the properties. 
of the curves W;(iw) and — M,(a). 
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From this we find that for the periodic solution to be stable (if 
the lincar part of the system in the open state is stable or neutral) 
it is necessary that the amplitude-phase characteristic of the linear 
part W,(iw) not enclose the point a, corresponding to positive Aa 
and enclose the point a, corresponding to negative Aa. From this 
criterion the graphs of Fig. 296a and Fig. 296b (at the point B) 
give a stable periodic solution which corresponds to self-oscillations 
in the closed system at frequency w, and amplitude a. 

In the graph of Fig. 296c the values wn and a, correspond to 
unstable while the values œw, a, to stable periodic solutions. In the 
simplest case this may signify small-signal stability of the system 
(up to amplitude a) and self oscillations at frequency w and ampli- 
tude a, if the initial amplitude of the transient exceeds the value an. 

In such investigations it is assumed, either that all system para- 
meters be given numerically, or that the amplitude-phase charac- 
teristics of the elements appear in the form of definite graphs. If 
it is required to determine the influence of one or two arbitrary 
parameters of the system it is necessary to consider all possible 
combinations of the curves W;(tw) and — M,(a) for various values 
of these parameters using the same methods. 

Let us consider some examples. 

Automatic temperature regulation system. The equations of the 
automatic temperature regulation system with a relay element 
were derived in Section 53. The expression for the amplitude-phase 
characteristic of the linear part of the system according to (53.18), 
neglecting the constant T,, will be 


Wilio) = 





Ig | ky kz 


(Tito + 1)iw Ti Hkn g (65.16) 


In this case it is obvious that the common denominator of the transfer 
function of the linear part of the system 


Qip) = (Lip +1)(Tap +1)p (65.17) 


has no roots with positive real part while the zero root indicates 
that the linear part of the system is neutral. 

The expression in square brackets in (65.16) with ky, = 0 (system 
without feedback) corresponds to an aperiodic element (regulated 
object and sensitive element). It is represented in Fig. 297a. In 
the presence of stiff feedback in the system (kp #0) this graph 
shifts to the right by the quantity kp (Fig. 297b). 

The coefficient outside the square brackets in (65.16) corresponds 
to an aperiodic integrating cloment (drive with regulating organ). 
It is represented in Fig. 297c. 
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Multiplying these characteristics (by the rules of Section 20) we 
obtain the amplitude-phase characteristics W,(iw) of the linear 
part of the system (in the open state) in the absence of feedback 
(Fig. 297d) and in the presence of stiff feedback (Fig. 297e). We 
plot on the same graph the curve inverse in magnitude and opposite 
in sign to the amplitude-phase characteristic — Man(a) of the non- 
linear element (in this case a relay). Here this curve is represented 


f Object and 
Object and error detector with 
error detector feedback present 





(c) 
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in accordance with Fig. 293b for the case where the relay is charac- 
terised by the graph of Fig. 234b, with the quantities As, and As, 
given as constants. 

As is evident from Fig. 297d, self-oscillation is possible in the 
closed regulation system without feedback since the curves W,(iw) 
and —M,(a) intersect while introduction of the feedback may 
eliminate these oscillations (Fig. 297e). It is also obvious that with 
choice of parameters for the linear part of the system (i.e. defor- 
mation of the curve W, in Fig. 297d) it would be possible to eliminate 
oscillation of the closed non-linear system even without feedback. 
On the contrary, an unsuccessful choice of parameters may lead 
to oscillations of the system even in the presence of stiff feedback 
if in Fig. 297e the curves intersect. The smaller the hysteresis loop, 
i.e. the smaller the quantities As, and As, (Fig. 234b) the greater 
will be m (Fig. 293) and the easier, as is evident in Fig. 293b and 
Fig. 297d, e will it be to make the closed system stable. 

When the relay has a purely hysteresis characteristic (Fig. 234g, 
where the quantity s, is given as constant), the curve — M,(a) 
degenerates according to Fig. 293b (m = —1) into a straight line 
(broken line in Fig. 297e), where in this case it is not possible to 
achieve elimination of oscillation, but its amplitude may be decreased. 

If in the graph of Fig. 2345 for our relay with zone of insensitivity 
there is no hysteresis loop (As, = As, = 0), then from Fig. 294a 
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and formula (65.9) the inverse amplitude-phase characteristic of 
the non-linear element — M,(a) will be real, as shown in Fig 297} 
and g. Here the closed system without feedback may be oscillatory 
if W,(iw) has the form shown by the broken line (Fig 297/). Intro- 
duction of stiff feedback, as is evident from Fig 297g, completely 
eliminates oscillation 

From this preliminary examination we may conclude, firstly, 
that additional stiff feedback has important stabilising properties 
in the system and, secondly, that the zone of insensitivity of the 
relay has stabilising propertics. From the point of view of system 
stabilising it is advantageous to increase both of these. However, 
these possibilities are limited due to increase of the static error 
of the system with increase of the stiff feedback factor and with 
increase of zone of insensitivity of the relay. The latter is connected 
with the fact that the system may be found in an equilibrium state 
at any point of the zone of insensitivity; a uniquely defined equi- 
librium state is not obtained but an entire region of possible equi- 
librium states with various values of the regulated quantity. 

After these preliminary conclusions we proceed to determine the 
amplitude and frequency of oscillation in those cases where the 
latter occurs. 

For an ideal relay characteristic in accordance with (65.7) and 
(61.38) we have 


1 T 


— M,(a) = zmo 40" 


(0 < a < oo) (65.18) 


(the entire negative real axis is filled, Fig 298a). Therefore W,(tw) 
in the absence of stiff feedback (continuous curve) intersects it 
and the presence of stiff feedback does not intersect it (broken 
line curve). In the first case we obtain the point of intersection D, 
defining the periodic solution (a, œo). It will be stable (i.e. corre- 
spond to self-oscillation), since the curve W,(iw) encloses the seg- 
ment of the straight line —M,(a) with smaller amplitudes (the 
linear part is neutral according to (63.17), as a result of which this 
criterion may be applied). In the second case curve W;(t) intersects 
the straight line — M,(a) only at the point where a = 0, w = 0, 
i.e. oscillations are absent (a small amplitude would be obtained 
here if we did not neglect the constant T3). 

The amplitude of oscillation a; is defined in the first case by the 
distance 1 (Fig. 298a) along the line — M,(a) to the point of inter- 
section, where, taking into account (65.18), we obtain 


4e 


= 


a (65.19) 
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where l is taken from the graph or calculated according to: 
l = — Uo), 
and the oscillation frequency œ, is found from the condition 
Vilar) = 0, 


if Ulo) and V,(w;) denote the real and imaginary parts of the ex- 
pression W;(tw) which, from (65.16) with k_j—0, has the form 


Ie kaka 


Mio) = Tia FI iot iio | 


(65.20) 


W (tus 





Fig. 295 


From this it is evident, for example, that with increase of transfer 
factor of the regulator k, k, the amplitude of oscillation increases. 

For the relay characteristic in the form of Fig. 234b (with given 
As, and As,) the behaviour of the system without stiff feedback is 
found from Fig. 298b. Here self-oscillation may be absent (curve 1 
of Fig. 298b), a single periodic solution is possible (curves 2 and 3, 
intersecting at the point B) or two periodic solutions (curves 2 and 4, 
intersecting at the points A and C). Here the curve 3 corresponds 
to smaller while the curve 4 to larger values of m in the relay charac- 
teristic (Fig. 293). The points B and A correspond to stable oscil- 
lations. The point C corresponds to an unstable periodic process 
which may signify small-signal stability of the system (with a < ac) 
and a tendency to oscillation with amplitude a = a, for large signals. 
The amplitude and frequency of oscillation are defined from the 
same curves at the points of intersection. 

In the present case the effect of the regulator transfer factor kk, 
(without stiff feedback) consists in that increasing k,k;, we pass, 
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according to (65.20), from the curve 1 to the curve 2 (Fig. 298b), 
i. e. oscillations appear in the system only when the transfer factor k, ka 
exceeds a certain limiting value defined by the instant of tangency 
of curve 1 to curve 3 or 4. 

Oscillations in the presence of stiff feedback are defined analo- 
gously, as shown in Fig. 298c. 

Finally, with a purely hysteresis relay characteristic we obtain 
only an oscillatory process (Fig. 298d), with amplitude and frequency 
in the absence of stiff feedback defined by the point E and in its 
presence by the point H. 

In all the above cases, as in general in the frequency method under 
consideration, a; denotes the amplitude of oscillation of the input 
quantity to the non-linear circuit, i.e. in the present case the 
quantity s (Fig. 233). To define the amplitude a, of oscillation of 
the regulated quantity 9 (temperature), it is necessary to find the 
transfer function relating the quantities s and 0. Eliminating from 
equations (53.12), (53.16), (53.14) and (53 13) with T,=0 the quanti- 
ties č, a», and v, we obtain 








Gear as EE s 
kika + kølTip +1) ’ 
and consequently, 
kia kıa 
A cha See a LI CG G 
[hye + kep( Ty te + 1)| V (kika + kp)? +k Tet 
For a system without feedback (kg = 0) we have 
da = ie (65.22) 


It is similarly possible to determine the amplitude of the funda- 
mental component of oscillation for other variables in the system. 

Taking account of time delay in the relay. Analysing the above 
example of an automatic temperature regulation system we assumed 
that in the relay characteristic Fig. 234 the quantities As,, As,, s, 
were given as constants, i.e. the relay characteristic had an ordinary 
hysteresis form with opening and closing of the relay given by the 
input coordinate. In deriving the temperature regulation system 
equations in Section 53 it was found that the relay in this system 
is a non-linear element with delay, i.e. the corresponding time 
delays Tı; Tapt were given while the quantities As,, As,,s, are 
unknown and defined by the course of the process itself. 

In investigating such a non-linear system with delay we assume 
for simplicity that tı = ta = 7, ie. that the delays in operating 
and releasing of the relay are the same. Such a non-linear element 
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with delay may be separated into two parts: (1) an ordinary non- 
linear element characterised by the graph of Fig. 299b, or c, and (2) 
a delay element described by the equation (Section 45) 


wy = De. , 


It will then be possible to write the expression for the amplitude- 
phase characteristic of the linear part of the system together with 
the delay element in the form 

; a R(iw) _. 
Walio) = Wi(iw) ee = = ~ et , (65.23) 
A ) u( ) Q ( i w) 
The rule for plotting such a characteristic is described in Section 45. 
Let the relay be characterised by the curve in Fig. 234b while 





(b) w (c),u 
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after separation of the delay element by Fig. 299b. In this case 
for a system with stiff feedback we obtain the curves W,(tw) and 
W.,(tw) shown in Fig. 299d and the straight line M,(a) on the basis 
of formula (65.9) and Fig. 294a. If the curves W;,(tw) and — M,(a) 
intersect, oscillations will occur. But, as is evident from Fig. 299d, 
with sufficiently small delays + these curves need not intersect, 
i.e. oscillations will be absent. 

Here, as in linear systems, a critical time delay may be defined 
up to which oscillations are absent, which may be found without 
plotting the curve W),(iw), only from the curves W;(iw) and — M,(a). 
In fact, in the critical case some point of the curve W,,(iw) is incident 
on the extreme point B (Fig. 299d). This, as is evident from the 
drawing, corresponds to a point K on the curve W,(tw) at which 


zb 
2e? (65.24) 
Bil or) ~ Tko =r (Br< 0). 


Alok) = 


642 The Dynamics of Automatic Control Systems 


From the first condition we find the magnitude of a, uud from 
the second the critical time delay 


yee = [n+ Biwx)] (8: <0). (65.25) 


This solution may be found directly from the graph Wilio) or 
analytically, employing expression (65.16). 

If the relay has no zone of insensitivity, ie. b == 0, then the 
point B is incident on the origin of coordinates in Fig. 299d and 
oscillations will occur for any value of time delay in relay operation 
{tx = 0). It is therefore expedient that the time delay in the relay 
considered here be relatively small while the zone of insensitivity 
have a large value (but not exceed permissible values from static 
calculation of the precision of regulation). 

The amplitude and frequency of oscillation in the presence of 
delay are defined as follows. The point of intersection D (Fig.. 299d) 
gives two periodic solutions since the line — M,(a@) has two values 
of a here. This follows from the graph of Fig. 294a, where on the 
basis of (61.36) we have 

1 Ta? 
Maa) = la) yea’ vo 
which is represented by the graph of Fig. 299e. Two points D, and D; 
on the graph of Fig. 299e correspond to the distance 1 of the point 
of intersection D in Fig. 299d, giving two values of amplitude a, 
and au. The frequency w of the two periodic solutions is the same 
and is defined by the point D on the curve W,,(tw). 

Here the periodic solution with smaller amplitude a, will be 
unstable and with larger amplitude a, stable, since in the first 
case the point with positive increment Aa on the line — M,(a) is 
enclosed by the curve W;,(tw) while in the second case is not enclosed. 
Consequently the system may be small-signal stable (to amplitude an) 
and large-signal oscillatory, with the amplitude to which the system 
tends with initial transient amplitudes exceeding the value ay. 

We note that the point of intersection D of the curve W,(iw) 
with the line —M,(a) may be found without plotting the curve 
Wi,(t) directly from the amplitude-phase characteristic Wi(t) ot 
the linear part of the system without the delay element. For this 
it is necessary to find a point «œ; on the curve W,(tw) (Fig. 299d) 
which with rotation of the vector A, by the angle œw, would be incident 
on the line ~ M,(a), which gives us the point D (magnitude of delay ~ 
given, œ, unknown). The condition for finding œw, in the present 
case will be: 


tort | Bi] = 75 
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after this we find the value | = A; and then the amplitude of oscilla- 
tion a), from the graph of Fig. 299e. 

After this we calculate the amplitude a, of the oscillation in the 
regulated quantity 0 from (65.21) or (65.22). 

Aircraft course automatic regulation system with limited-linear 
rudder characteristic. The equations of such a system were pre- 
sented in Section 55. The characteristic of the non-linear element 
(Fig. 239) relates to the form 2, = F(a,), as a result of which it is 
possible here to apply the above-described frequency method. The 
amplitude-phase characteristics of the linear part of the system 
consists of the aircraft characteristic which, from (55.2), has the form 

k (T io +1) 


Wio) = Tio tIio t) Le Tio? 2D 


and the autopilot characteristics from (55.4) 





ak; + kiw — ky a? 


Walio) = Tio +D io Fiji tkp 





(65.28) 
the result is 
Wilio) = Weliw)- Walio). (65.29) 


The common denominator of the transfer function of the linear 
part will thus be 


Q(p) = pl(Lip+1)(Lep +1) -+ he To) {( Tsp +1) (Lap +1) p + kp). 


Since for a quadratic trinomial (in the first square brackets) the 
absence of roots with positive real parts ensures positiveness of all 
coefficients, for such roots to be absent from the entire polynomial 
Q(p) it is necessary and sufficient that they not be present in the 
polynomial 

Qulp) = [(T3p + 1)(Lip+1)p+kp] , 


i.e. that the auxiliary Mikhailov curve Q,(iw) have the form shown 
in Fig. 300a or that the Vyshnegradskii criterion (29.2) and (29.3) 
for Qa(p) to be satisfied. The Mikhailov curve Q.(iw) in Fig. 300b 
corresponds to a single root while in Fig. 300c to a pair of roots of 
the polynomial Q.(p) with positive real part. 

Thus, if the condition of Fig. 300a is satisfied (or the Vyshne- 
gradskii criterion) and in the expression 


Qp) = p[(Tip +1)( Top +1) + ka T,] 


all coefficients are positive, we may apply the previously described 
formulation of the stability of the periodic solution. 
If the autopilot has no feedback (kp = 0), then 
Q(p) = PET p +1)(Lop +1) + kT el(Tap +1) (Lp +1), 
42 
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and to have possibility of applying the above formulation it is suf- 
ficient only to have all coefficients of Q(p) positive. 

Let us consider here an autopilot without feedback und without 
introduction of the second derivative (kp = k; = 0). The amplitude- 
phase characteristics (65.27), (65.28), (65.29) for this case are shown 
in Fig. 301a, b, ¢, respectively. 


fa) 4 (b) pir fc) yey 
Qllw} 
A x A y — xX 
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The approximate amplitude-phase characteristic of the non-linear 
element W (a) = q(a) from Fig. 239 is defined by formula (61.42) 
in which it is necessary to put 0 = èm and k = 1. Graphically it is 
represented in Fig. 294d. Therefore the amplitude-phase charac- 
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teristic inverse in magnitude and opposite in sign — (a) is located 
on the negative part of the real axis (Fig. 301) to the left of the 
point (—1, 40). With this relative disposition of characteristics, as 
in Fig. 301c, oscillations will be absent from the closed system 
“‘aircraft—course-autopilot’’. 

It is interesting to note that in the case of a linear system, when 
in the equations of Section 55 we have 3, = 8, then W (io) = W(t). 
Therefore the condition obtained for absence of oscillation (not 
enclosing the point (—1, #0) of the characteristic W;(iw) in Fig. 301e) 
coincides with the condition for stability of the linear system (without 
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limiting the rudder travel). But the behaviour of linear systems 
and systems with limited-linear rudder characteristics will be 
substantially different when the characteristic W)(tw) encloses the 
point (—1, 70). In particular, the linear system will be unstable 
while the non-linear (with bounded rudder travel) takes on, as 
evident from Fig. 301d, stable oscillations defined by the point 
of intersection D. The oscillation frequency is taken from the point D 
on the curve W,(iw), while to find the amplitude of oscillation a, 
the distance J is taken from the drawing Fig. 301d and from it we 
find a, using the graph of Fig. 301e. This graph is plotted according 
to (65.7) and (61.42) with k = 1 and c = m, from the formula 


__i Z. 1 Om ĉn y/ Sn) 
Mala) = apy =F: (sin ae l-z 4 


Here it is necessary to consider that æ; denotes the amplitude 
of oscillation of the input quantity to the non-linear element, i.e. the 
artificially introduced quantity 5,. To determine the amplitude of 
fundamental component a, of aircraft oscillation over the course, 
it is necessary to employ according to equation (55.5) the amplitude 
characteristic of the autopilot, namely 


“= |Walier)| 
ty 
from which 
jee oes (65.30) 
» = Walio]? i 


where W,(tw) is defined by formula (65.28) or the graph of Fig. 301b. 
It is similarly possible to determine the amplitude of the fundamental 
components of oscillations in other variables of the given regulation 
system. 

Thus, the bounded linear characteristic shown in Fig. 301d (analo- 
gous to a characteristic with saturation) leads to the presence of 
a stable oscillation beyond the limits of the boundary of stability 
in place of divergent oscillations, where the amplitude of stable 
oscillations increases with distance from the stability region. Practical 
limits are connected here with the admissible magnitude of oscil- 
lation a;. In addition, it is important to recall that this entire 
theory is valid only for such deviations for which the given auto- 
matic system equations are valid—in the present case, to the extent 
that the linearised aircraft equations remain valid. 


66. Bulgakov’s approximate methods 


B. V. Bulgakov in articles published in 1942 and 1946 developed 
in parallel two alternatives to the approximate method of the small 
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parameter for studying non-linear automatic regulation systems of 
arbitrary order. They derive, on the one hand, from the well-known 
methods of Liapunov and Poincaré, and on the other hand, thoy 
are a development of the Krylov-Bogoliubov ideas, with which 
we have become partially acquainted in Section 60 et seg. We present 
here only the applied aspect of these methods in a form enabling 
them to be employed for investigating specific non-linear automatic 
regulation systems. 

Later, for a certain class of equations, A. I. Lur’e developed an 
analogous method which is presented below as a third method. 

These methods are as approximate as those in the previous 
sections. 

First Bulgakov method. Let the automatic regulation system be 
described by several differential equations in which there are non- 
linear terms. Each non-linear term, as in Section 60, is represented 





Fic. 302 


in the form of a sum of a principal linear component and a “small” 
non-lincar increment. For example, if there is a non-linear term F(z), 
the graph of which is shown in Fig. 302, we write it in the form 


F(a) = ha+ef(a) , (66.1) 


where h is the slope of the substituted straight line MN, plotted 
as yet arbitrarily, while ef(x) is a “small” non-linear increment, 
the graph of which is represented by the ordinates hatched in 
Fig. 302. 

All the differential equations of the transient in the non-linear 
automatic system will be written so that the left-hand sides are 
linear (including the linear components hæ (66.1) of the non-linear 
terms), while the right-hand sides have only “smal” non-linear 
increments ¢/(x). Let the equations of the transient process in the 
regulation system (in symbolic operational form) take the form 
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O,,(p) % + Diop) G2 +... + Dym(P) Wm = Efil; -3 Lm) ; 
Palp) + Dal DP) Ge +... + Doml P)Em = efe( Hy, -3 Bm) y 


Oni(p) 2, + Dmo( DP) Le + wes L Dmm P)Em = efm(X, e.g Lm) , 


where by ®;(p) we denote operational polynomials. This is a very 
general form for the equations. Ordinarily, in concrete automatic 
regulation systems only two or three variables will be present in 
each equation, ie. many of the operators ®;; will vanish while the 
remaining will have low degrees. Many of the right-hand sides (66.2) 
will also vanish and only in certain right-hand sides will non-linear 
increments ef; in one or two variables be present (and possibly their 
derivatives). For example, the system element equations will have 
such a form; then the number of variables m will correspond to 
the number of elements in the system (n will denote below, as 
always, the order of the overall equation of the system). 

The linear system obtained from (66.2) by dropping all right- 
hand sides is termed the simplified system. 

The characteristic equation of the simplified system will be de- 
noted by 


D(z) =0, (66.3) 


where all its coefficients will be assumed positive. 

To determine the periodic solutions of the non-linear system (66.2) 
we assume that in the characteristic equation (66.3) of the simplified 
system there is a pair of purely imaginary roots 2 = +ia,. In this 
case the left-hand side of equation (66.3) may be written in the form 


D(a) = (2° + oo) D,(z) , (66.4) 


where the polynomial D,(z) has a degree lower than the degree of 
D(z) by two. The quantity w, and all coefficients of the polynomial 
D,(z) are found by equating expressions (66.4) and (66.3). 

For example, in the case of a fourth-order system, when the 
characteristic equation of the simplified system (66.3) has the form 


Uot -+4,8+ a + a,2+4a,= 0, (66.5) 
equation (66.4) is written in the form 

(2+ 0) (bo + 2 +b) = 0, 
where 5, bo; b1, ba are unknown. Eliminating parentheses 


boz* by 2° + (by + by we) 2” +b, wee + bos = 0 
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and equating the coefficients of this equation with the coefficients 
of (66.5), we find, firstly, from the average coefficients 


ba +b, ws = do (66.6) 
and, secondly, from all remaining coefficients 


2 @& a4, a Ua, 
bp = A, b =A, OO =-—=—, = =—, 


(66.7) 
b a w ag 


where the third relation is particularly important, defining the 
quantity w,. Substituting from here the values w3, bo, bs in formula 
(66.6), we obtain 


s( A, Aa — My Gg) — 4481 > 0 . (66.8) 


From (29.19) this is the condition that the simplified (linear) system 
be found on the boundary of stability (with purely imaginary roots 
in the characteristic equation), if all coefficients a), a,, Az, 43, @ are 
positive. 

Thus, in comparing coefficients of expressions (66.4) and the 
given equation (66.3) all coefficients of the polynomial D,(z) and 
the quantity w, aro defined and the conditions for finding the simpli- 
fied system on the boundary of stability are identically satisfied, 
taking the form in the present case, according to (29.24), 


Ana = 0, (66.9) 


where A,-, is the penultimate Hurwitz determinant for the charac- 
teristic equation of the simplified system (66.3). Here all previous 
Hurwitz determinants and the coefficient a, should be positive. 

The periodic solution of the simplified system ((66.2) with e = 0) 
will now have the form 


xt = A,(L;sin wot + M;cosaot) . (66.10) 


where A, is a coefficient to be determined below while L; and M, 
are defined as the real and imaginary parts of the following ex- 
pression: 

Fyliwo) 


66.11 
Fyliwo) : 





L;+iM; = 


where Fi;(iws) is the algebraic complement (minor) of the element 
®,,(p) in the operational determinant 

(Pp) Dy(p) ... Pin(p) 

Pulp) Dea(p) -.. Pem(p) with p= ta, (66.12) 


eC o sasse eeseoaosooeolo 


Omil) DPme(p) ... Pmm(P) 
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derived on the basis of the given equations of the regulation system 
(66.2). We note that the left-hand side of the characteristic equa- 
tion (66.3) is the same determinant, in which the letter p is substi- 
tuted by the letter z. 

For the quantity Fy(îiwo) in formula (66.11) we select at will one 
of the non-zero algebraic complements Fy(iw). 

The periodic solution for the non-linear system (66.2) with « 40 
is constructed as follows. In place of t we introduce the new in- 
dependent variable 

7=(1+a)i, (66.13) 


where « 40 with « 40 and «=0 with « = 0 (it becomes defined 
below). Here the previous differential operator p = d/dt substituted 
by the new p’ = d/dr. It is obvious that 


p=(1+a)p’. (66.14) 


In the required periodic solution we limit ourselves to the first 
approximation in the form 


zm ah +è) cs ieie (66.15) 
Ge fe=0 

where æf is defined by formula (66.10), i.e. this is the solution with 
e = 0. To find the additional term of the solution (66.15) we differ- 
entiate the given equations of the regulation system (66.2) with 
respect to £, taking into account (66.14). We then apply the Fourier 
series expansion and write the condition for a periodie solution. 
As a result of this and further auxiliary transformations we come 
to the following relationship: 


m 2m 
OD (z ONT Bc. i 
af Ze aal = po Fy,(two) J ef (at, v3, .... Dm) edu , (66.16) 


where D(z) is the left-hand side of the characteristic equation (66.3), 
u = wot, Fylia) are the algebraic complements analogous to those 
entering into (66.11). The integrands in (66.16) contain the non- 
linear (right-hand) sides of the regulation system equations (66.2) 
where we have substituted in them the expressions ®t, #3, ..., 2m, 
defined by formula (66.10). These integrals have the same signifi- 
cance of average over the period as in the Krylov-Bogoliubov method 
(Section 60). 

Separating the real and imaginary parts in (66.16) we obtain two 
equations to determine two unknowns A and «a. 

The required periodic solution is written in the form 


tj = A,(L;sin wt + M;cos ort) , (66.17) 
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where L; and M; are as before, w; = (1+«)w9. The solution ob- 
tained (66.17), as is well known, may be written also in the form 

g; = Ajsin(wt+8) (j =1,2,...,m), (66.18) 
where Aj, w;,5 are the amplitude, frequency and initial phase of 
the periodic solution for the variable 2;, characterising the states 


of various elements of the regulation system according to the given 
differential equations (66.2). Here 


A= 4V, 3 = tant, | 
iy 
wr = (1+ 4)ao, 


where L; and M; are defined from (66.11) and A, and « from (66.16). 
The quantity A, is a coefficient defining the amplitude of the periodic 
solution, « is the so-called incremental frequency. 

Finding in this way the periodic solution, we must investigate 
its stability. If this solution is stable it will correspond to a real 
steady-state oscillatory process in the regulation system. If the 
solution is unstable, in the simplest case it may correspond to an 
unstable limiting cycle, indicating the boundary for the initial 
conditions to which the system is small-signal stable. But in this 
case there may occur in general other patterns of processes. 

The stability of oscillations is determined by constructing and 
analysing the equations in small deviations from the given oscillatory 
process. The conditions for formation of oscillations in the system 
are defined on the basis of (66.9) and the following relations. The 
solution of both these questions is discussed below in specific ex- 
amples. 

The second Bulgakov method. The second Bulgakov method 
permits writing the approximate equations for the transient response 
of a system of arbitrary order in a form analogous to equations (60.12) 
and is based on the transformation of the automatic regulation 
system equations to equations in normal coordinates. 

The differential equations of a non-linear automatic system are 
given in the form (66.2). Let the characteristic equation (66.3) of 
the simplified system have n, real roots z, and a further na pairs 
of complex roots Z = Be +iwg, with no multiple roots. As the normal 
coordinates we take the amplitudes a, (k =1,2,..., nı + Na) of the 
individual components a;,sinu, of the general solution and the angular 
variables or phases u, (k = n+ 1, ..., ny Hna). There will obviously 
be n = n,+2n, normal coordinates in all (equal to the order of the 
system). Here a, and up are the required functions of time (exactly 
the same as a and u in Section 60). 

After transformation of the given equations (66.2) to normal 
coordinates and after “averaging” them (the significance of this 


(66.19) 
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is the same as in Section 60) we obtain the following approximate 
differential equations for determining the amplitudes a, and phases ug: 


m 27 
dag 1 =) ; 
— = 2,4; + ——__, — B ses 
at E (Qx)"*D' (zy) 2 «| 
2r 


ýs | ef dUnyin eave dunne (k = 1, 2, e, nı) , 
0 
m on 


day . 
ee bs — B f 
a rr P” “Wikio =| 


0 





2n 


i — tu 
oo | ef se "dunia see dae 


0 


(k =m +1. ..., ng +M), 


Or Sek 
dt B ane o af 


2n 
. f efec “*dunn tee aves 

0 

(k =m +1, ..., m+), J 

where D’ is the derivative of the left-hand side of D(z) of the charac- 
teristic equation (66.3) with respect to z. The functions ef, in the 
integrands are the non-linear (right-hand) parts of the given regula- 
tion system equations (66.2), where in place of 2, Zz, ..., Em in these 
functions we should substitute their expressions in terms of the 
normal coordinates: 


a 


(66.20) 





ny Hitha 
A 








= Bs Kinde t+ > Np agin (tx + Six) 5 
keel ken, +1 
nit na 
= b) Kaart >) Nopaysin (Urt dex) 5 (66.21) 
km k=n +1 
nı mitna 
tm = > Kine on + » N mk AKSIN (Uz + Sink) , 
kml kent 
where 
_ Fig(Z) 
k Fler)’ 
(66.22) 
Nape = Fulbe + ton) 
i Fulbe + tox) ’ 
Bar = Fag(Zx) for k=1,2,...,m, (66.23) 


Bex = Fop( Be ior) for 5 = My ty ey Mt Na, 


652 The Dynamics of Automatic Control Systems 


and F denotes the corresponding algebraic complements, just as in 
formula (66.11). 

Thus the solution for the transient in the system is written in 
the form (66.21), where the amplitudes a,(t) and phases w;,(t) are 
defined from the differential equations (66.20) The transient response 
in the non-linear automatic regulation system can thus be found 
to a rough approximation (better methods are given in Part V). 
We note that if there were no non-linear terms in the system equa- 
tions (66.2) from (66.20) we would have a, = C,e5 and up = w,t+9, 
and the solution (66.21) would take on the usual form for linear 
systems. 

To find the periodic solutions it is necessary to put in equations 
(66.20) 


tk = CONSt, Up = (1+ ay) ort, (66.24) 


and then equation (66.20) serves to define the amplitudes a, and 
the corrections «, to the frequencies of the periodic solution. 

Investigating the stability of this periodic solution we see whether 
it corresponds to steady-state’ oscillations in the system or if it will 
be unstable (see Example 1 below). 

Third method (Lur’e method). In his monograph (Reference 20) 
A. I. Lur’e proposes an approximate method for finding self-oscil- 
lation in a non-linear automatic regulation system for the two most 
frequent forms of differential equations already discussed above in 
Section 58, based on the same theoretical foundations. Let us consider 
these two cases separately without going into details, which can be 
found in the cited monograph. 

1. Let the equations of the non-linear regulation system have 
the form 


Ly = Ay Wy + Aita 4- ase + Anën + bF (6) , 
i, = aul, + aala + -Hamin + bF (0), | 


In = Bn Ly + anzz +... + Annan + bn (6), 
O = C,H, + Cala +... + CnOn , 


(66.25) 





where, in particular cases, many coefficients may be zero. 
We introduce, as in the Bulgakov method, the simplified system 
(replacing the given non-linear characteristic by a linear one, Fig. 302) 


uy = Ay Tı + Aigo + ove + Ayn En + by ha , | 


bg = Gg, D, + Agy Ly +... + Aen Xn + baho , | 
pari is CANA ans ARLE Seta tr (66.26) 


O = CO, H CaTa -i ee HOn ky . 
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The characteristic equation of the simplified system is written 
in the form 
D(z)—hE(z) =0, (66.27) 


where hE (z) is a polynomial including all the terms of the equation 
which contain the factor h. The magnitude of h, as before, is taken 
such that the characteristic equation of the linearised system (66.27) 
has a pair of purely imaginary roots +iw (the condition for the 
presence of a periodic solution) and negative real parts for all re- 
maining roots. Consequently, from (66.27) we have 


_ D(tw») 
But, since h is real, the imaginary part of this expression should 
be zero, from which we find the value w, specifically: if we separate 
the real and imaginary parts in the numerator and denominator of 
(66.28) in the form 


D (tag) = Dy(wo) +D %0) « 


E (tw) = Elwo) + iE op) , 
then 
D (iwo) x D,E, + DE, ¿PeP DiE. 
E (two) Ei +E: Ei +E; 
From this the equation for determining œ, takes the form 
Dw) E(w) — Dilo) Eko) = 0 , (66.29) 
after which the quantity h is found from the formula 


= D, (wo) £, (9) + Da(o) E,{ m9) f 
[E %0) + [E 9)? 
After this we calculate the amplitude a, of the periodic solution 


for the quantity o and the correction to the frequency Aw, according 
to the equation 


D(ie,)-—9 (ay) Elio) = —i[D'(iw,)— AE lio) Ao, (66.31) 


h (66.30) 


where 
27 


$(a) = > | # (asin u) edu (66.32) 


or 


or, which is equivalent, 
F(a) = qla) + 2q,(4) . (66.33) 


where q(a) and qg,(a@) are the same as in the Krylov-Bogoliubov 
method and are defined by formulac (61.17) from the given non- 
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linear function. The expression D’(iw,)—hE’(iws) in equation (66.31) 
denotes the derivative of the left-hand side of the charactoristic 
equation (66.27) with respect to z with subsequent substitution 
of iw, in place of z. 

The expressions g(a) and q,(a) were calculated in Section 61 for 
various forms of non-linear characteristics. 

Separating the real and imaginary parts in equation (66.31), we 
obtain two equations with two unknowns: a; (amplitude) and Aw, 
(correction for frequency). Consequently, the frequency of the periodic 


solution will be: 
o= + Aw, (66.34) 


where w, was found previously from (66.29). In the first approxi- 
mation the periodic solution itself is written in the form 
o = C(Acosa;t + Bsin ort), 


: ; 66.35 
æ; = — O (Acos ot + Bysinat) (J =1,2,..., n); | ( ) 


where 
a (66.36) 
y 42+ B 
and A,B, Aj, B; are defined by the following equalities: 
ere. 2E (iw) 
ASS B= Higa BE Gad 
aN fing (66.37) 
. Q) 7 k 
Ay—4By = e (f=, 2, an), 


D'(iwo) an hE (iwo) 


where N; are defined as in Section 58. 
The condition for existence of the periodic solution is the presence 
of at least one real solution of equation (66.31) for the amplitude a. 
The condition of stability of the periodic solution has the form 


Elia) dela) o, i 
a ae |< — 
it has been derived previously by application of the Liapunov 
theorems. If the periodic solution is stable, it corresponds to a steady- 
state oscillatory process in the system. 

In conclusion we note particularly the case where the non-linear 
function f(c) does not have a hysteresis loop. The equation for 
determining the amplitude (66.31) takes a simpler form 


D (tao) — qala) Elw) = 0 (66.39) 
and the frequency correction Aw; = 0. The condition of stability 
of the periodic solution will now be: 


dq(a) .. E (tap) 
“da Pe Dit) hita) <’ Sree 
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In place of a system of two equations for a, and Aw, we obtain 
here a single equation (66.39) with a single unknown a. 

2. Let us now consider a second form of the differential equations 
of a non-linear system: 


By = My Dy + Mt +.. -F Ayn En + OS. | 
Èr = An Dy + Ara |... + Aen Ln- + 96 , 





l 66.41 
Ån- = An-1,1 21 T- An- r e H An.n En- + Drk , ( ) 
4 EE F(o) : 
O == Cy Hy Ht Cag H oe HOn-1Xn-1—- 7 . | 


The simplified system is obtained by the substitution of & = F(c) 
by E = ho. The characteristic equation of the simplified system is 
written in the form 


(¢+rh) D(z)—hE(z) =0. (66.42) 


The quantities œ% and h are defined by separating the real and 
imaginary parts in the equation 


lio trh) D(iw,)—hE(ie,) = 0. (66.43) 


After this the equation for determining the amplitude a, and the 
correction to the frequency Aw, is set up in the form 


[iwo +79 (41)] D (tw) — 9 (u) E (iwo) 
= — [D (iw) + (tap + 7h) D'(tw9)—hE"(iwy) JA, (66.44) 
where $(a,) is defined by the given non-linear function F (c) through 
formula (66.32) or (66.33). Separating the real and imaginary parts, 
we find the amplitude a; of the periodic solution for the quantity c 
and the correction to the frequency Aw, (the frequency of the 
periodic solution will be œ; = w+ Aw)). 


The periodic solution in the first approximation is written in 
the form 


o= F C(Asin ot— Boos ot) A 


= — C (Acos wt + Bsin ort), 
æ; = C (4;cos wt + B;sin ort) , 
(į =1,2,..,n— 1), 
where 
ah 
Cc = SS 
o V 4? + B? 
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and the quantities A,B, A;, B; are defined from the equalities 





i- iB — 2D (tw) NEN 
“Y= Diiw) + (iw, trh) Dio) hE Gw) 
A;— iB -—- 2N (100) 





= D (io) + lio + 1h) D'in) — hE lio)? 


where the expressions N; are found from the determinant 


| Qu~? Ay Qun- 
l 

az Qg — 2 Qan- j 
Qn-  Gn-ia +++ Qnin- — 2 | 


by substitution of the jth column by the column bı; by, ..., bay 
(here all coefficients are taken from the differential equations of 
the system (66.41)). 

The condition for stability of the periodic solution has the form 


wrm] — D (tia) d3 (a) 
h D (two) + lio trh) D lio) — halio) da 





<0. 


Similarly to the preceding all formulae are simplified when the 
non-linear characteristic F'(c) has no hysteresis loop, where the 
expression 9(a@) (66.33) is substituted by q(a). 

An estimate of the precision of each such approximate methods 
of solution in general form is difficult. It has been carried out for 
simple particular cases, for which there exists an exact solution of 
the problem, by comparing the results of solution. 

We present two examples of the application of the Bulgakov 
approximate methods described above, in general form, to concrete 
non-linear automatic regulation problems. 

Example 1. B. V. Bulgakov has illustrated his second method 
in the following example (Reference 15) (presented here in somewhat 
simplified form). Let the differential equations of the regulated 
object and regulator be given in the form 

Tiğ + Tap + BP = — E, (66.45) 

T3 + TÉ = P(o), | esas) 

a = ko + kad -+ kaĝ — kič, j 

respectively, where #(c) is the non-linear characteristic of the 
regulating organ drive, given graphically in the form of Fig. 303a. 
We employ here a notation in which ¢ is the deviation of the 
regulated quantity, č is the deviation of the regulating organ, B, Tas Tè 
are constant parameters of the object, kı, ka, ka, ka, Ts; T} are 
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constant regulator parameters. Let us consider the case where the 
constant T$ characterising the inertia of the regulating organ drive 
may by neglected, i.e. we shall assume T3 = 0. 

As we see, the regulated object is here described by a second 
order equation and has self-regulation if 6B > 0; it is unstable if 


Fis) Fizz) 








Fic. 303 


8 < 0; it is neutral if p = 0. The regulator has stiff feedback (— kb), 
while the first and second derivatives (p and ë) are introduced into 
the regulation function. 

It is required to find the region of stability of the system and to 
determine possible oscillations in the system. 

Eliminating — from expression (66.46) using equation (66.45), 
we obtain (with Tj = 0): 


TTi + T.Ta¢ + Tob +F (cs) = 9, 
o = (kyt kB) 9 + (kathy Ta) + (hat hy T5) - 
Let us introduce the new variables 
a = (kit kB), w=, (66.48) 


as well as the relative time and the differential operator 


I= y EHE, pate (66.49) 
k3 + kT at 


In addition, we also introduce the quantity h corresponding to the 
approximate substitution of the non-linear drive characteristic by 
a linear one (Fig. 303b). Then equations (66.47) in symbolic opera- 
tional form will be: 


(66.47) 





(P> + ep? + ¢.p) a, + yhaa E yika — F(x) , | (66.50) 
| : 


-- (PP + eap +1)rr +t = 0, 
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where 
o — Ia ys o — Blkst he TB) 
= ee Se a 
Ti kı + kap Tilki + kab) (66.51) 
ka + KaTa y= bt kT? y kat kT? 
Qn = T =. Tee Cay See ee ee 
i Vik, + ka B) (ea + ka Ti) ToT ki + kaB 


Expressions (66.50) correspond to the general form of writing the 
automatic system equations (66.2). 

The operational determinant (66.12) will be in this case 

P+ep+ep, yh 


—(pttep+iy, 1 | =P tat hie + (cot eoyh)p + yh. (66.52) 
: ’ 


Therefore the characteristic equation (66.3) of the simplified 
‘system is written in the form 
B+l(aqtyhjet+(q+esyhje+yh =0. (66.53) 


To find possible oscillations in the system according to (66.4) it 
must be represented in the form 


(+o (+b) = 0. (66.54) 


Expanding and equating with the coefficients of (66.53), we obtain, 
firstly, 
o = Coteyyh, b=a+yh (66.55) 


and, secondly, the condition for formation of oscillations 
(i + yh)(C,+¢syh) = yh, 


which of course coincides with the condition for finding the linearised 
system at the boundary of stability, in the given case (29.4), following 
from the Vyshnegradskii stability criterion. Let us write this condi- 
tion in the form 

Ca Yh? + y (Ca + Cg--l)h+ Qe, = 0, 
The roots of this equation will be 


= (40st G1) FV (4+ GIP 400005 gg 5g) 
2esy 


hi, = 
In this connection we obtain two values for w and b (66.55): 
. 1 pe oe ef, 
(oha =3 [ea Cati F LOTEN ¢,—1)?— OETA ’ 


i (66.57) 
bi = zlat] Fy (Cita +C— 1)— 40, 403| - 
3 


Approximate Determination of Oscillations and Stability 659 


If the quantity (66.56) is positive, then &ọ is real. Let us assume 
that this occurs. Then the characteristic equation (66.53), according 
to (66.54), will have the roots 


21 = —b , 2,3 = iwo 5 (66.58) 


where in place of b and wọ it is necessary to substitute either b,, œm, 
or bg, Wo form (66.57). 

Consequently, for the general formulae of the second Bulgakov 
method in this case we have n, = 1, m = 1, m= 2, n = 3, Ba = 0, 
a = Wy. Let us find the values Fu and F,, necessary for formulae 
(66.22) and (66.23) as the algebraic complements of the elements 
in the first row of the operational determinant (66.52): 


Py =1, FPe=pt+ept+l. 


Therefore from formulae (66.22), assuming | == 1, q =: 2. we obtain 


AARE Fala) 1 K — Fyo(%) 2 
u” Pial) ebt’ A Fa) 
N pen = Fuliwo) _ oa eae Na ether an) ae 


F (tm) —1— wot ei Wo 


The solutions of (66.21) for the transient in the system will there- 
fore be: . 
ty = Kya, + Ny, a_sin(u + èn), | 


(66.59) 
Eq = A+ gin a. f 


To determine the functions a(t), @(t), u(t) entering here, it is 
necessary to employ formulae (66.20). Since in equations (66.50) 
we have efa = 0, formulae (66.20) for the given case are written 
in the form 

| 





da, =. By f 

F a — ba, 4+ De (a) ef,(a,-'- asin u) du , 

da, 1, Be Fa $ 6 GE 
ee z Re Dien) . | cfila + 4asin u)e aul (66.60) 
oe 6 as =, Im i ef,(@, + asin u) edu] . 

di = Go P o) 1\% 2 j 





From (66.23) we find the quantities 
By = Fy(%) = b — eb +1. 
B = Fali) = 1— ap + Gion - 
From (66.50) we have 
cfila) = yht F (ra)] ; 
43 
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while from (66.54) we obtain: 
D(z) = 22(e+b) +2 +45, 
D(z) = 6 +09,  D'liw) = 2wo(— wy +ib). 
Substituting this in (60.60), we obtain the following approximate 


equations for determining the amplitudes a,, a, and the phases u 
(which figure in the solution (66.59)): 


an 
b?—¢,b-+1 1 r . | 
Gam ba la. | F(a, + asinu) du 
v 


’ 





5 2r 
2 yla lha- | Fla H sinu sinudu| 6.61 
at * 200 +a) | Som, aa 


du b(we—1)— Gag 1 ja : i 
— = w+ y M: ha,—— | F(a, + a,sinu sinu du| . 
ot Y 2a (b? + o?) 2 a 1 2 ) 





The time variables a, and a, define the transient. To find the 
periodic solution (a, = const, a, = const), it is necessary to put 
ia =0 and = =0. (66.62) 
In addition, recalling that previously there was no rigid basis for 
choosing the quantity h in Fig. 303b, we shall now define it such 
that the integral in the first of formulae (66.60) vanishes, since it 
represents the mean error over a period, substituting the non-linear 
characteristic F (s,) by the linear k = @,. This signifies vanishing 
of the expression in square brackets in the first of equations (66.61). 
But taking into account the first condition (66.62) we obtain 


&=0. 


The second condition (66.62) according to the second equation 
of (66.61) gives 


on 


ha, = 2 | F(asinuw)sinudu , (66.63) 
0 


where by a; we express the value of the amplitude a, for the required 
periodic process. To determine a; we may have recourse to the 
graphic solution of equation (66.63). Let us put 

2n 


J (a) == | F(ajsin uv) sinudu (66.64) 
0 
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and from calculations using this formula we plot the curve J(a;). It takes 
the form of the graph of Fig. 304a, differing little in shape from the 
given non-linear characteristic F(#,) Fig. 303b). In the same graph 
we plot the inclined straight lines h,h; and h,h,, where h, and h, are 
taken from (66.56). The four points of intersection define according 
to (66.63) four possible values of a; in the required periodic solution. 
(b) y 


(a) 4%? hap ha, 








~ 
7 
\ 


p Pp 2 ap, Py KG; WY 
AM: 
Yy A á N 
: Mies a 
Fic. 304 


Periodic solutions are not possible if h (66.56) are not positive 
or if ha > h* (Fig. 304a), i.e. when the straight lines do not intersect 
the curve J (a). In place of four, two periodic solutions are possible 
if only one of the straight lines h,.a; intersects the curve J (a). 

Let us take the parameter plane (66.51): 

Hoes (fy = PUE (ka + Th) 3 Y == ai S Talka + ha Ta) , (66.65) 
To (ki + kb) To(kı + kab) 
and, using (66.56), we divide it into regions (Fig. 304b) within which 
there will be either a stable equilibrium state, self-oscillation, or an 
unstable system (see below). 
Vanishing of the radicand (66.56) corresponds to the parabola 








(— rty} 2(e+y—5]) =O. 


the axis of which is the bisectrix of the coordinates. It is tangent 
to the coordinate axes at the points (0,1) and (1,0) (Fig. 304b). 
In addition, it is necessary to find the extreme cases of intersection 
when one of the straight lines h,a takes up a tangential position h*a: 
(Fig. 304a). Substituting this value of h* in the quadratic equation 
from which we have found h, (66.56), we obtain a straight line 
tangent to the parabola at the point E with coordinates 

z =| ee E y =| on i: (66.66) 


yh* +e, yh* +e 
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rather, this will be a family of straight lines if we assign various 
values of c, and y. One of them is represented in Fig. 304b. 

From expressions (66.61) and from comparing them with the 
quantity h* the following result is obtained for various sections 
of the plane numbered in Fig. 304b: 


1) &< 90, h<0, 

2) hk, complex, 

3) b> h*, he>h*, ¢ damped oscillation» 
4) <0, h<0, 

5) h>h*, h< 0, 


6) O<k<h*, O<h <h”, 
7) O<h<h*, h*<h, 
8) O<aA <h*, h<0, 
9) <0, O<h<h*. 


J h* 
ii : S ; i 2 a ? \ divergent, oscillations . 





. self oscillations 


We note that these conclusions cannot be considered rigorously 
proved. They are as approximate as all the previous sections of 
this chapter. 

Let us consider these results. Only damped or only divergent 
oscillations may occur in the system when neither straight line 
hig = @ intersects the curve dJ (a) (Fig. 304a), ie. either hy< 0» 
or h;> h*, or they are complex. Oscillations are possible if at least 
one of the straight lines h,. = a, intersects the curve J (a). But 
here either two or four periodic solutions are obtained (according 
to the number of points of intersection in Fig. 304a). It is necessary 
to investigate which of these is stable. We take the first two equa- 
tions (66.61): 


da da, EGET 
g TE), g = Gal, h), (66.67) 


where G,(a,,4,) and G(,, &) are abbreviated notation for the 
right-hand sides of the first two equations (66.61). 

In the periodic solution we had a, = 0, a, = q. Let us investigate 
the periodic process in small deviations from the given periodic 
solution. For this we linearise equation (66.67) according to the 
rules of Section 18, which gives 


dAa, (ôG, aG, dda, (3G; oa) 
"a (oes) athan) a “ae = (Ga) 6+ Caan) See 


where the zero upper index denotes the substitution a, = 0, a, = 4, 
in the partial derivatives. 
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Carrying out the calculations, we find that the condition of stability 
of the periodic solution reduces to: 


52) a) >0 (66.68) 


(compare with condition (60.27) for a second-order system). 

In the section of the plane 9 (Fig. 304b) according to the above 
table there are two periodic solutions with amplitudes a, and aj. 
Of these an is stable, aj, unstable. Consequently, there will be stable 
oscillations in the system with small amplitude a, (Fig. 304a), but 
it is only small-signal stable since with initial conditions outside the 
limiting cycle defined by the amplitude ai, the system has divergent 
oscillations. 

In the sections of the plane 7 and 8 there are also two periodic 
solutions but with amplitudes a, and an. Of these aj, is stable. 
Therefore the system will have a stable oscillation of large 
amplitude an. In addition, it will be small-signal stable with 
respect to the steady-state with constant value of the regul- 
ated quantity (a, = 0), when the initial conditions are within the 
small limiting cycle an. However the latter is rarely possible in 
practice. 

Finally, in the section of the plane 6 there are all four periodic. 
solutions with amplitudes a, ar, ala, aj,. Of these an and aj, are 
stable. With initial conditions lying inside the unstable limiting 
cycle aj, oscillations of small amplitude aj, are established while 
outside it oscillations of large amplitude an. 

Thus as a result we obtain in the parameter plane three principle 
regions (Fig. 304b): I, the system is stable with respect to the steady- 
state with constant value of the regulated quantity; ZZ, the system 
has a steady-state oscillatory regime (discussed in detail above); 
III, the system is unstable. It is important to take into account 
that the straight line MN changes its position in dependence on the 
values of y and c, (66.51), always tangent to the parabola at the 
point (66.66). 

In this example we again emphasise the singular properties of 
non-linear automatic systems. While in linear systems there are 
always only two possibilities, either stability or instability, here 
we find intermediate regions of self-oscillation, as broad as the 
first two. 

In Section 72, we will plot the curve of the transient for this 
example. 


Example 2. As an illustration of the first Bulgakov method we 
present the solution of A. M. Letov for a system in which the regu- 
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lated object and regulator are described by equations 
Tiğ + Tab + Bo = — É, (66.69) 
È = F (0), 
o = kp kap + ka f edt— kaž , ey) 


respectively, where the notation is the same as in Example 1 with 
T? = 0. This system is characterised by the presence in the regulation 
function of the first derivative and integral instead of the first and 
second derivatives as before. The integral was introduced to elimi- 
nate the static error of the system arising from the presence of stiff 
feedback (see Section 14). 

Let us introduce the new variables 


-y ME TEP) fadt, m= 6, (66.71) 
mt 


and the relative time and differential operator 


7 kit kB d 
t= t p = —. 66.72 
V Tk,” Pa ( ) 


Eliminating, as before, the variable & from equations (66.70), 
using (66.69), introducing the new variables (66.71) and the constants 


S Tka o kp 
a= Ys A= RHB’ 




















= (66.73) 
ee Ae pa thla 
Ky +BY ty thB? °  V(hy +h) Tok, 
we obtain two equations: 
[ (Ca — Co) p? PPE ae — (P +h) £a == fy) , l (66.74) 
— (p> + ep +p +e )a, +a =0, J 
where 
= se hy Te F ko . 
ef(@2) = F(a) — have , F(s) = EIk -p y T, + kab Fits A) ; 


consequently, the graph F(x) (Fig. 305b) has the same form as the 
graph F(c) (Fig. 305a) except for a change of scale along both 
coordinate axes in accordance with the last formula. 
The operational determinant (66. 12) in the present case has the 
form 
(C3— eo) p+ (1—6) p?p, —(p+h)| 
— (P+ ap? +H p+ es) , 1 | 
= ptt (Co +h) p+ (61+ 6h) p? +hp+e:h. (66.75) 
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The characteristic equation (66.3) of the simplified system will 
then be 


D(z) = A+ (Coth) + (6+ csh)2+h2+0oh=0. (66.76) 


To obtain the periodic solutions we represent it from (66.4) in 
the form 


D(z) = (2° + o) (2° + biz +b) = 0. (66.77) 


p \ [aie r 
"ht B Virk P 


(a) 4F 
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Equating coefficients of both equations (it is here possible to employ 
the final formulae (66.7) and (66.8), derived previously for the 
fourth-degree equation) we obtain 


we = ay b, = Coth ’ be = Calco + h) , (66.78) 


(€a — C2) h? 4- (C1 -+ CoCa — ZCoCz — 1) h + Calci — CoCa) = 0, (66.79) 


where the last corresponds to the condition of the boundary of 
stability (29.19) of the simplified system. 
For further calculations in accordance with (66.12) and (66.75) 
it is necessary to find (assuming l= 1, q = 2) 
Falo) =1, Feliwo) = (¢2.— C3 9) — iol 9 — 1) . 


Then formula (66.11) gives 


E,+¢M, = --—-- Teale vey 6 DE + tM, = 1. 
(Cz-— G3 Wo) — 1@9(@o— 1) 
Therefore the periodic solution (66.10) of the simplified system 
will be 
ot = A (Tsin wt + M,cosaot), 2 = Apsinw gt. (66.80) 
We now find the frequency correction «. We calculate from (66.77) 


aS = 22 (2? + bye + by) + (224-8) (22 +B, + dy) - 
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Then from formula (66.16), taking into account the second solution 
(66.80), denoting the amplitude A, of the periodic solution for the 
coordinate xv, as before, by a, we obtain (taking q = 1): 


2n 


al- Zol w2 + biot bq) a] = t | efy(a,sin u) edu . 
0 


Separating the real and imaginary parts, using (66.75) and con- 
sidering that since the characteristic is single valued (Fig. 305) we 
have 


2r 


| efj(asinu)cosudu = 0, 
n 


we obtuil 
2n 


Zazona(by- wo) = =] [F (asin u)— husinu]sinudu . 
T 
0 


— 2a aad, =0. 


The last equation gives the frequency correction «=0. Then 
from the first we have: 
ha; = J (a) ’ (66.81) 


where 
T 


F(a) = L j F,(aqsinu)sinudu . (66.82) 
0 


Comparing this with (66.63) and (66.64), we obtain here in prin- 
ciple exactly the same graphic solution as in Fig. 304a and the same 
pattern of dividing the parameter plane into regions (Fig. 304b) 
if as the coordinates (x, y) of the plane we take 


E = Ci— Cotas, Y = Co(Cg-— Ca) . (66.83) 


This agreement is obtained since here, as in Example 1, we have 
a quadratic equation for determining h (66.79). The significance of 
each region is the same as in Example 1. We mention only the method 
of investigating the stability of the periodic solution in the present 
example. 

Let us write the differential equations of the transient (66.74) 
in deviations from the investigated periodic solution æf, #3, putting 
a, = ef + AT, Va = 23+ AT. We obtain 


[(€g— 6o) P? + (1— 61) P? + 0p] Aa, — (p +h) Asa = 0 ? \ 
—(p?+ esp? + P + Ca Aa, + An = O, Í 


where / is the new value for h, obtained in accordance with Section 18 
as the coefficient of the linear term of the Taylor series expansion 


(66.84) 
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of the function F,(%,) about the steady-state process z3 = asin wot. 
But since this last is oscillatory, k is also a periodic function of t. 
In accordance with the general approximate character of the method 


the constant value averaged over the period 





i [aia „ J(u) , (66.85) 


on 
Bing ale entre ws 
h = al Fy(aysin u) du = la T 


is taken, where J (a) is expression (66.82). 

Then stability of the periodie solution is defined by the Hurwitz 
criterion applied to the linear equation in deviations (66.84). The 
characteristic equation will here have the form (66.76) substituting h 


by h. We require the coefficients to be positive: 
Gth> 0, atoh >0, hk>O, &h>0 
and inequality (29.18), to be satisfied, specifically: 
(Ca— Ca) h2-+ (C1 + CoCa — 2CoCa— 1) h+ l — eot) > 0, 


where Å has the value (66.85). All this leads to the results described 
at the end of Example 1. 


CHAPTER XVII 


SELF-OSCILLATIONS IN THE PRESENCE OF AN 
EXTERNAL FORCE AND FORCED OSCILLATIONS OF 
NON-LINEAR SYSTEMS 


67. Approximate determination of self-oscillations with slowly varying 
external force and in the presence of constant components 


In the preceding chapter we have studied the oscillations of non- 
linear systems about an equilibrium state under the assumption of 
absence of a constant component. The condition of absence of 
a constant component (61.6) may be violated either when the charac- 
teristic of the non-linear circuit is unsymmetrical or when there 
is a slowly varying external force of arbitrary form. In the former 
the constant component may be present even in the absence of 
the external force, but we shall consider this question as a special 
case of determining oscillations in the presence of a slowly varying 
external force. 

Let us assume that at an arbitrary point in the system an external 
force is introduced (perturbation or command) f(t) (Fig. 306), where 
the equation of the linear part of the system has the form 


Qp), = —Rip)x.+ S(p)f(t) . (67.1) 


Let us assume that the external force on the system f(t) varies fairly 
slowly in comparison with the period of self-oscillation of the given 
system. This occurs very frequently in oscillatory servomechanisms 
(and program-control systems), when f(t) denotes the command 
function at the input to the system, as well as in integrators and 
other computing systems operating in the oscillatory regime, where 
f(t) denotes the integrand or other input function. The same may 
occur in ordinary control systems where f(t) denotes an external 
perturbation (change of load, etc.). 

In the general case we shall consider that f(t) itself and all its 
derivatives entering into the given equation (67.1) vary so slowly 
that in determining self-oscillations they may be considered constant 
during a period of oscillation. If f(t) itself has an oscillatory charac- 
ter, its frequency of variation is assumed many times smaller than 
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the frequency of self-oscillation in the given system. In particular 
cases the external force f(t) may be a constant quantity 

f(t) == const (67.2) 
or may vary with constant velocity 
HOS atte. (67.3) 


The non-linear element of the system may belong to the first 
or second class, i.e. it may be described by any of equations (52.1), 
(52.2), (52.3), (52.4). The same method extends to non-linear systems 


ttt) 
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of the third class (with several non-linear elements separated by 
linear parts). The equations of the non-linear elements may contain 
various dissymmetries, leading to the presence of a constant com- 
ponent. 

In the present section we shall employ harmonic linearisation 
for the solution of these problems and the fundamental method of 
determining self-oscillations described in Section 62. 

Harmonic linearisation of non-linearity. For the harmonic line- 
arisation of, for example, the non-linear function 


y = F(x, è) (67.4) 


it is now necessary to put: 


x= #4, where æ =asinu, o= a: (67.5) 
We have here three known functions: “the constant” component 2°, 
the amplitude a and the frequency w of the periodic solution a 
(self-oscillations). All three quantities vary slowly with variation 
of f(t). 
Substituting (67.5), expanding the non-linear function (67.4) in 
a Fourier series and limiting ourselves to the fundamental com- 
ponent, we obtain in place of (61.7) the approximate expression 


y = Pa, o, P) tqla, o, Paw MOF)», (67.6) 
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where 
ar 
4 n 
Pla o M) =: — l F(a- asinu , awcosu)du . 
2T 
2r | 
qla, wo, a) = ~. | F(a? 4- asinu , dwcosn) sinudu , | (67.7) 
am 
1 
qla, w, 22) = =: | F (22 asin u , Aw COSU)COSU AU . 
Ta .' 


9 


Harmonie linearisation for non-linearities of other types is carried 
out analogously. The general procedure is the same as in Section 61 
but everywhere we introduce the constant components # and q’. 

The approximate equations of the non-linear elements of the 
first class (61.11), (61.12) and (61.15) take the forms 


u 
Nla, w, 2) 
a) 


a + = qla, Oath) + lua, w. a) pla. (67.5) 


me ie Də a)y + q(a, Gs, of) et. +- q Va, o, a 2) E ¢. (ay + wr), (67.9) 


ha? =: g(a, o |g (a, 29) + aS n pæ. (67.10) 





respectively, where g°, q, Qa, are calculated from formulae (67.7) in 
which for the third case awcosu is omitted. 

For a non-linear element of the second class (61.24) we obtain. 
the approximate equation 


0 
(oy w, W2) i o p 0 v 
[es ae P +alle, w, La) | L2 + Goldy, w, Lo) 


=| (ay, at) 4 B® P plap sata, a), (67.11) 





for the same harmonic linearisation formulae (67.7), but with the 
addition of a relation among the amplitude (61.28). The approximate 
equations taking into account the constant components are analogous 
for other types of elements. 

Approximate equations of the non-linear system. Thus, the ap- 
proximate equation of the non-linear element may be represented 
in the form 

Qulp) -Q = Ral p)a?— B®, (67.12) 


where, for example, in the case (67 -10) we have @)° = ag, R° = 9°(a, 21); 
for the case (67.9) we have Q°= q"(a, w, ah: R? = eaf, while in the 
case (67.11) we obtain Q° = qaz, w, €a), R° = qla, 4). 
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The equation of the linear part of the system (67.1) with substi- 
tution of m = ata? and a = 22+2% is written in the form 


Qilp) at +Qi(p) ai = -- Rip) ee --Ri(p)23+S8(p) f(t). (67.13) 


From the system of equations (67.12), (67.13) we separate the 
equations for the “constant”? components: 


Qo = RB, Qupa- Ri(p)ae = S(p)f(2) , (67.14) 


and the equations for the periodic components: 


Qulp)? = Ralp), | | 
Qip) = — Ripe. | (67.15) 


For the latter two equations we may write the characteristic 
equation 


QUE Qn(2) + Elz) Ra(2) == 0 (67.16) 


and the expression for the Mikhailov curve 


L(4) = Qi) Qn (1B) + Ry(4B) Ky (UG) . (67.17) 


where the four unknown quantities (a, œ. £i, a) enter into the coef- 
ficients. 

Determination of self-oscillation in the presence of constant com- 
ponents and with slowly varying external force. We apply here the 
basic method (Section 62). For the equations of the periodic com- 
ponents (67.15) we compose the characteristic equation (67.16) and 
the expression for the Mikhailov curve (67.17), in which we separate 
the real and imaginary parts: F(iw) = X(m)+7Y(o). From this 
we obtain the following two equations: 


y o 0 
X (or, M, i, 82) = 0, | 


67.13 
¥ (a1, at, a, ae) =0, Í i ) 


to which we join the equations for the constant components (67.14) 
namely: 


Q= R, Qu(p)ait+ Rilp)a2 = S(p) f(t) (67.19) 


As a result of this the four unknowns are determined: w1, 4, 21, 42- 
Most frequently either x2 will not enter into expressions X” and FY, 
as, for example, in cases (67.8) and (67.10), or 2, as in the case (67.9)- 
Then equality Q° = R° separates off while the remaining three will 
define three unknowns. 

These equations are used similarly to those in Sections 62 and 63 
to determine the dependence of the quantities @,, @,, 21, 22 on the 
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system parameters. In addition these equations show the dependence 
of these quantities on the slowly varying external force. This circum- 
stance is very important, as in practice in many oscillatory systems 
and computer systems a very substantial influence of the slowly 
varying external force on the frequency and amplitude of oscillations 
in the system is observed. 

If the external force has a constant magnitude (67.2), all calcu- 
lations are substantially simplified. 

Example. Let the servomechanism considered in Example 1, 
Section 63 have an input force g(t), which we shall consider slowly 
varying with constant velocity « = const, « = àt. We shall consider 
the values of « to be constant within a period of oscillation. 

The equation of the linear part of the system according to (54.10), 
in place of the previous (63.3) will be: 


(Tap +1)L, = —[k+ (Typ +1) kep\B + koka . (67.20) 


The equations of the non-linear element (drive and controlled 
object) will be as before: 


(Tıp +1)pB = e’F(L,), (67.21) 


where F(J,) is defined by the graph in Fig. 276a. We put 


: ; du 
o= +8", pB=—+p8?, L=N+R, I =asinu, o= 7, 


where @° is a slowly varying value of the angle 8, which is considered 
constant within a period of oscillation (the self-oscillation 8” is 
superimposed on it). 

Harmonic linearisation of the equation for the non-linear element 
(67.21) according to formulae (67.6) and (67.7) gives: 


(Tip +1) pe? +0 = g(a, 14) +4(a, Lf, (67.22) 


where with a > b+ we have: 


qa, 1$) = ha ( — n) sin vy — COSU + 


(Tt ; í 
+ 6 + us) SIN Uy + COS us| ; 


k L- a tere 
qla, l) = “ftu 5 Sin 2u + zingu), 


F b=, EE 
w, = sin“ ~z s u =n 


b+I,. 
a ? 
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a] 


with b- <4 < b4+1° we obtain: 





Fla, IL) = ka 20 ($ — a) sinun cong tkli, | 
I agl | 
q(a, Is) = nír +m+5 gza), | (67.24) 
0 
U = ae hee ‘ 


while with 0 < a < b—J{ the given element becomes linear, with 
Qa, ly = ki, qla, 14) = ky; (67.25) 


it is assumed in all cases that |I$| <b (the quantity b is defined in 
Fig. 276a). 
Differentiating equation (67.20) with respect to time, with constant 
velocity pB = 6° we obtain: 
ĝo == kod . (67.26) 


Therefore the equations for the constant components (67.14) are 
written here in the form 


kož = Qa, Ii), Ii = — (KB? + kikot) + koka . (67.27) 
The equations for the periodic component (67.15) will be here: 
(Tip +1)p8” = gla, IIR , \ 


(67.28) 
(Tap +1)I? = --[k+ (Tap +1) kop]s? . J 
Writing for them the characteristic equation and the expression 
for the Mikhailov curve, we obtain, as in Example 1 of Section 63, 
the expressions 


q (a1, L) =n 


Fl os Ts 
q(t, Ii) 


Combining them with the first equations (67.27), we find three 
quantities: w,, 4,, J, in dependence on the parameter k and on the 
given velocity «. After this from the second equation of (67.27) 
we determine the quantity 6°, and consequently, the error ®°— koa? 
which is a slowly varying part of the total stationary dynamic error; 
the second part of the total error is the self-oscillation: B?” = agsin wt, 
where a, is defined as in Example 1 of Section 63 by the formula 





(67.29) 
+ Tyke] o 


TTo —1 
ay = Oar are faa 
kear V Tio + 1 
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In a similar manner we may consider the influence of slowly 
varying external forces in other systems, in particular in relay 
systems. The greatest practical interest occurs where the self- 
oscillatory regime is the basic operating anode of the system. 

Oscillations in non-linear systems containing unsymmetrical non- 
linearities, without external forces, are considered in the same 
manner. 


68. Approximate determination of forced oscillations in vibrational 
linearisation of non-linear systems 


The approximate methods employed in the preceding chapter for 
determining self-oscillation may be applied as well for the approxi- 
mate study of forced oscillations in non-linear systems with sinusoidal 
external force. Different sides of this question have been studied 
in the works of N. M. Krylov and N. N. Bogoliubov, A. A. Andro- 
nov, N. V. Butenin, G. S. Pospelov, M. A. Aizerman, V. V. Petrov 
and G. M. Ulanov and others. 

Forced oscillations of non-linear systems display a number of 
completely new interesting properties, depending substantially on 
the character of the non-linearity and on the relationships among 
the system parameters and the frequency and amplitude of the 
external force. 

In the present, section we describe a method of studying only the 
question, important: for the theory of regulation, of determining 
forced oscillations of a non-linear system at the frequency of an 
external periodic force. This may have differing practical meanings. 
but the most important of this type is the following. 

Let there be a non-linear system which operates in the self- 
oscillatory regime. In practice it is known that self-oscillations may 
be suppressed if at some point of the system from outside oscillations 
are introduced with constant amplitude and frequency exceeding 
the natural frequency of the system. As a result under certain 
conditions there occurs “interruption” of the self-oscillation and 
the system begins to carry out forced oscillations at the frequency 
of the external force (capture phenomenon). The relationships of 
the parameters may be so chosen that the forced oscillations of the 
system will have such a small amplitude that they may be practically 
neglected. Thus, a non-linear self-oscillatory system takes on as it 
were the properties of a continuous linear system and in many 
calculations may be practically considered as a whole as a linear 
system. This phenomenon is termed vibrational linearisation, or 
sometimes induced stabilisation, of the non-linear systems and is 
an important technical means of improving regulation processes. 
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It has been discussed partially in Section 13, where we found the 
transfer factor (gain factor) which the non-linear element obtains 
after such vibrational linearisation. 

The problem now consists, therefore, in knowing how to determine 
the conditions for which the non-linear self oscillatory system will 
carry out forced oscillations at the frequency of the external periodic 
force and to determine the amplitude of these forced oscillations. 


(b) 





of system 
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Second-order relay system with delay. First we present the ap- 
proximate solution of this problem for a second-order relay system, 
obtained by G. S. Pospelov. 

Let there be a closed system consisting, as before, of a certain 
linear part and a non-linear element (in the given case, relay), where 
an additional external periodic force a is applied to the input of 
the latter (Fig. 307a). Let us take 


Bex = CexSİN Wex - (68.1) 
Let the equation of the linear part be: 
(Tip +1) pa, = -- kay, (68.2) 


while the relay has the characteristic 
2 = F(t), C= 2 + hex, (68.3) 


and F,(#) has the simple form of Fig. 286c with the addition of 
a constant time delay t. An example of this type of system is the 
automatic temperature control considered at the end of Section 60 
(in simplified form). 
Substituting (68.3) in (68.2) and putting 7, = V— Zex, we obtain 
(Tip+1)pa+kP (x) = (T,p+1)pitex , 
while substitution of expression (68.1) here leads to the equation 


Té+¢+khF(e) = —Asin(wext—a), (68.4) 
44 
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where 


Ke Via ot, Westen eS: (68.5) 
Tox 
According to the above, we shall seek a periodic solution of the 
non-linear equation (68.4) with given frequency wes and the con- 
ditions of existence for such a solution, i.e. the conditions for capture. 
We will write the required solution approximately in the form 





æ = asin (wext— P); 


where the unknowns are the amplitude of forced oscillations a(t) 
and the phase shift 9(¢). 

By analogy with Section 60 we shall here consider a and ọ to be 
slowly varying functions during the establishment of the oscillations 
and constant in the steady-state forced oscillations. After substitution 
of the expression for 7 equation (68.4) will be: 


2 a @Wex1', COs (Wext— ọ) + 2awexT, ae sin (Wext — 9) == 


= awexT; sin (wext — P) F @Wex COS (Wort — ẹ)+ kF [asin (wext— ẹ)] 
= — Agin(wext—«). 
Let us employ previous approximate formula (60.31) and further 
substitute here 
‘Asin (wext— a) = Acos(p— a) sin (wext— p) + Asin(p— a) COS(wWext—¢) . 
Then, collecting all terms with sines and cosines and equating 
coefficients for them individually to zero, we obtain the following 
two equations for determining the amplitude a and the phase shift p 
during the transient forced oscillations: 


da 1 4ck . ; 
T = ZoaT, |- aoet — Sin @ext— Asin (—a)| ’ 

e 68.6 
do 1 2 4ck i 
T = Toga, |T y BeeT — A c08(9— a). 


In the steady-state forced oscillations we have a = const = dex 
and = const = gex, i.e. 
t= Gex SiD (Wext — Pex) ’ (68.7) 
where the amplitude aex and the phase shift pex of forced oscillations 
are found by equating to zero the right-hand sides of equations (68,6) 
from which 


< tok o S 4ck sin®( Sko 
Gex = zÂ 08 (OoxT— %) 1- (4 WexT ex» (68.8) 
f 4ek . 
BİN pes = ~g SÎN (Wext— @) , 


, Where the quantities A and « are calculated from formulae (68.5). 
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From these expressions it follows that these forced oscillations 


may exist only when 


eck zg [Sin (@ext — a)| < 


(otherwise the satel Gx is imaginary while sing,; is greater 
than unity). Substituting here the values of A and « from (68.5), 
we obtain the condition for the amplitude Cex of the external periodic 
force: 

4ck 
TWex VI+ Tw, Ti wex 


In addition, it is necessary to investigate the stability of the 
periodic solution found, the more so because formula (68.8) gives 
two values for the amplitude. For this we employ the equations of 
transient oscillations (68.6). Giving the amplitude and phase small 
deviations 4 = aex + Aa, Ẹọ = gex+ Ap and linearising equations (68.6) 
according to the rules of Section 18, we obtain 


d(Aa) = (Fo) A+ (F) 20 ’ 





Cox > 


| . (68.9) 





sin (oars — tan”! 
1Wex 





dt 2a ap 
d(Ap) _ (aF, 2 
“a - (F ) a+ dp aes 


where F, and F, denote the right-hand sides of equations (68.6), 
while the index ex denotes substitution of the values a = a,, and 
? = Mex in the partial derivatives. 

The characteristic equation will here be 


oF, OF. OF. OF OF. oF. 
2 as eal); [8 2 23) =0. 
F [aE t (aal taAa arh (ae ae i 
Since this is of second degree, from Section 27 for the variables 
Aa and Ag to be attenuated (and therefore, for stability of the 
periodic solution) it is necessary and sufficient that the coefficients 
of the equation be positive, i.e. 


aF, aF, 
(ie). Fela A 


(3) (20 Jea (oa 


Substituting here the values of the partial derivatives from the 
right-hand sides of equations (68.6), we obtain the following in- 
equalities: 





2ke . 
Qex > 810 WexT ; 
TO 


ex 
4kecos (wert — a) 
TWex V1 + Tio 


ex 
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The second is always satisfied while the first, after substitution 
of (68.8) and (68.5), gives: 


S iz SiINWext  4kecos (@oxt- -- = 


Tox Tox V ce + ET? wox 


| 4 sin (wext — a) =| 


Tel a ve Po Wex 


(68.10) 


As a result we obtain the following: if the frequency wox of the 
external periodic force is such that the inequality 


2cos (ext - — -4) 


> sin Wext (68.11) 
Vit To + T? Wex 


is satisfied, the amplitude Ces of this force should satisfy condition 
(68.9). If inequality (68.11) is not satisfied, the amplitude Cex should 
satisfy condition (68.10). As we see, in both cases the amplitude of 
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external periodic force applied to the system should be greater than 
a certain so-called threshold value in order that the self-oscillations 
be interrupted and the system carry out only forced oscillations at 
the frequency of the external force wex. 

This threshold amplitude Cex is determined by replacing the 
inequality sign by the equality sign in formulae (68.9) and (68.10). 
Fig. 308 shows the dependence of threshold value of amplitude ¢ 
of the external periodic force on its frequency wex for various values 
of delay time in the relay +. The curves are tangent to the axis of 
abscissae at points corresponding to the natural frequencies of oscil- 
lation of the system with the given delays. 

Thus, to interrupt self-oscillation and force the systein to oscillate 
at the frequency of the external periodic force, it is necessary to 
take the amplitude of the latter Ces above the corresponding curve 
of Fig. 308. If a smaller amplitude is taken, self-oscillation is not 
interrupted and the system carries out a complex resultant process. 
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The frequency wex of the external periodic force should be so 
chosen that vibrational linearisation will be achieved (“suppression”’ 
of self-oscillation), i.e. that the amplitude a,., of forced oscillations 
in the system be fairly small. This amplitude is defined by formula 
(68.8). If for rough orientation we drop the radical in this formula, 
substitute A from (68.5) and take the cosine equal to unity, we 
obtain 

tek 





Hex S -—— 


noet 1 + Tox 

This expression shows that the amplitude of forced oscillations 
decreases with increase of frequency. In addition, the expression 
coincides with (60.33), i.e. the amplitude of forced oscillations is 
equal to the amplitude of self-oscillation at the same frequency, 
Consequently, to obtain a smaller amplitude it is necessary to take 
the frequency wex of the external periodic force in every case greater 
than the frequency w, of self-oscillation in the given system. In the 
graph of Fig. 308 this will be to the right of the point of tangency 
of the corresponding curve with the axis of abscissae. 

For a substantial reduction of amplitude it is necessary to go far 
to the right (to take wex > w). However it is not possible to increase 
the external frequency without limit, since at too high a frequency 
the system will not react at all. For this reason the frequency wex 
should be limited to the value we: < z/t, at which the delay time t 
in the relay does not exceed a half-period of forced oscillations. 
Thus, for vibrational linearisation of the given relay system the 
frequency wex should be taken in the interval 


T 
O1 K Wex <=, 
T 


and the amplitude Cex above the corresponding curve in Fig. 308. 

The exact: determination of threshhold values for the amplitude 
of the external periodic force, carried out by G. S. Pospelov, showed 
good agreement between the given approximate result with the 
exact one for this problem. 

Non-linear system of arbitrary order. Now, in the same general 
system (Fig. 307), let the linear part have an arbitrary structure 
and be described by an equation of arbitrary order: 


Qi(p)a, = —Ri(p) x2. (68.12) 


The non-linear element is also arbitrary, where after harmonic. 
linearisation (Section 61) we obtain for it the approximate equation 


Qul P) t = R, (p) , £ = 2i -F Tex, (68.13) 
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where the external periodic force 


Dex = Cex SIN West , (68.14) 


is given, while the forced oscillations are sought approximately in 
the form 

æ = asin (wext— 9) (68.15) 
with unknown a and 9g. In the transient process they vary with 
time while in the steady-state forced oscillations they take on certain 
constant values a = dex and ọ = ox. If it is necessary to take into 
account the delay + in the non-linear element in place of (68.13) 
it is necessary to write 


Qn(p) 22 = Rn(p)e-?a . (68.16) 


Above we have started from the external periodic force Sex applied 
directly to the input of the non-linear element (Fig. 307a). If it is 
applied to some other point of the system (Fig. 307b), we shall denote 
this in the following manner: 


at, = of, sin (Oel + 9°) - (68.17) 
In this case we have the following equation for the linear part: 
Qi(p)@ = — Bi(p) 2 + Si(p) xox - (68.18) 


The output quantity æ of the linear part may be represented here 
in the form ee 
g = Lı + Lex , 


where 2, and Tex are individually defined by the equations 


Qi(p)a, = —Ri(p) a , 
Qi(P) Lox = Si(p) Lx ’ 


and the quantity fex is represented in the form (68.14). We then 


obtain 
By (wex) 


Q1(twex) 
From this it is evident that in an arbitrary concrete problem the 
structure of Fig. 307b may be reduced to the structure of Fig. 307a, 
employing formula (68.19). We shall therefore further consider only 
the structure of Fig. 307a. 
Let us write expression (68.14) in the form 


* 


Cx, 9* =—arg Q (68.19) 








Cox = 








Tox = Cox SiN (Wext — P +P) = Cox COS GSIN (Wext — P) + Cox SiN PCOS (Wext—¢) . 


Considering (68.15), this may be represented in the form 


_ [CexCO8 | Coxs8ing ae 
Tex = (coig + “Gone. p)e : (68.20) 
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Substituting (68.13) and (68.20) in equation (68.12), we obtain 


1— CexCOSP _ Cex sing 
a awex 


[omon p) +R(p)Ra(p)|o=0. (68.21) 
This expression may be considered as a homogeneous linear differ- 
ential equation, where the given frequency of oscillation wex enters 
into the coefficients along with the unknown quantities the ampli- 
tude a and the phase shift ọ of the forced oscillations to be found. 
The problem of determining the forced oscillations of a non-linear 
system thus reduces to finding the sinusoidal periodic solution of 
the special homogeneous equation (68.21). Its characteristic equation 
will be 
Qi(z)Qn(2) |1 


_ CexCO8P Cox sing = 
a ge 2) + Ry(z)R,(z) =0. (68.22) 


This differs from the characteristic equation (62.3), defining self- 
oscillation, only in that the first component contains a new factor, 
including the required phase shift of forced oscillations. 

As a result, for the approximate determination of forced oscil- 
Jations in the non-linear system we may now apply the same funda- 
mental method which was employed in Section 62 to find self- 
oscillation. The difference here will be, firstly, a certain change in 
the characteristic equation (68.22) in place of (62.3) and, secondly, 
in that we are not seeking a and w as before, but a and ọ for given 
O = Oer- ` 

If there is a constant time delay q, then from (62.21) it is necessary 
in place of Rp(z) to write R,(2z) e~ in the characteristic equation (68.22). 

By our basic method discussed in Section 62, we seek an expres- 
sion for the Mikhailov curve for equation (68.22), i.e. we substitute 
z = ið and separate the real and imaginary parts X(&) and Y(6). 
They should vanish with © = wex; @ = dex, P = Pex Where wex is 
the given frequency, while a,, and Pex are the required amplitude 
and phase of forced oscillations, i.e. 


X (wex, Bex) Pex) = 0 ‘| 


(68.23) 
Y (ex, Qox, Pex) =0 


constitute two equations with two unknowns aex and Pex for given wex. 
These equations may be employed to determine the dependence 
of these quantities on the system parameters and to determine the 
threshold values of amplitude Cex of the external periodic force 
(as the condition for existence of real values a,x and gex in equa- 
tions (68.23)). 

The stability of the periodic solution (for forced oscillations) may 
be roughly estimated by the same method of determining the coef- 
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ficients as in Section 62. The stability conditions must be employed 
since in a real regulation system only stable oscillations may be 
established. 

In addition to the above method of determining the quantities 
Gx and Pex, based on setting up and solving equations (68.23), we 
may employ also the following graphic method. Substituting z = iw, 
in the characteristic equation (68.22), we obtain the expression 


Ri(t@ex) Rn( ex , 4) 
Qiliwox) awor , a) 


where for given wex the left-hand side is a function of only of a while 
the right-hand side of 9, i.e. we have the equation 


a[1+ |- Cex(cose+ising), (68.24) 


O(a) = ¢ex(cosp + ising) , (68.25) 
where 
Ri (tex) Ry(Wex, 4) x à 
® =al14+ =r ll. 68.26 
(a) a| $ Qiliwer)n(Wex, a). ( 


For each given value of wes the function ®(a) may be plotted 
point by point in the complex plane, taking a as the running para- 





ie 


Fie, 309 


meter ulung the curve (Fig. 309). The right-hand side of equation 
(68.25) gives a circle of radius ĉes in the complex plane with the 
values of 9» varying along the circumference. Consequently, the 
points of intersection of the curve (a) with the circle of radius Cex 
will be solutions of equation (68.25) and give us the required values 
of amplitude a. and phase pex of the forced oscillations at the given 
frequency wex. In Fig. 309 two solutions are obtained. The stability 
of each of them may be approximately determined in the above 
manner. 

Plotting in Fig. 309 a series of curves ®(a) for various values 
of wex, we find the values of des and gx at various forced oscillation 
frequencies. 
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The minimum radius of circle which touches the curve ®(4@) is 
the threshold value of Cəx of the external periodic force, below 
which forced oscillations at frequency wex are not possible in a pure 
form; it is also not possible for them to suppress the self-oscillation 
of the system (a complex resultant process is obtained in the system). 

If there is a delay + in the non-linear element, then in expres- 
sion (68.26) it is necessary to introduce the factor e “= = costwex 
—tsintwex, specifically: 


Ri(tiwes) En (wex; a) 
Q1( tex) Qn(Wex, a) 


and the method of solving the problem remains as before. 

Let us consider an example of an automatic temperature regu- 
lation relay system (taking into account inertia of the regulating 
organ drive), described by equations (63.57). The relay charac- 
teristic V = F(x) is taken in two alternatives: 1) the hysteresis 
characteristic (Fig. 286d) and 2) hysteresisless (Fig. 286c), but with 
delay r. 

From (63.57) the equation of the lincar part of the system will be 


(Tip +1)(Tap+1)pe = —k,kV , (68.28) 


D(a) =aj1+ 





(COSTwex— tSINTWex) , (68.27) 


where k = kkz. 
The approximate equation of the relay in the first. case (Fig. 286d), 
according to (63.58) and (63.70) has the form 


v= |a- alo) ple, | 
å heb (68.29) 
c c 
q(@) = zat J a?— b? BP, qla)= nae? | 
while in the second case (Fig. 286c with delay) 
V= 4e asp ‘ (68.30) 


Ta 


The characteristic equation (68.22) for determining the forced 
oscillations under the action of an external periodic force 
Hex = CoxSiN Wext applied to the input of the relay will be 

(Tye +1)(Tee + Ue (1— IESE Som DE 4 

a Aex 
+ kikRr(a, 2) =0, (68.51) 
where for the first case 


Rala, z) = KOR gal | : 


and for the second 
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We shall first illustrate the first method of solving the problem. 
Substituting in the above characteristic equation z = ið and sepa- 
rating the real and imaginary parts, we obtain: 


X (a) = -7+ Tar (1— BENE) 


+(— TT a + 6) SP cea DG +X); 
Y(ö) = (— T, T+ ö) (1- sate 2) + 
+(T,+7,)6 gs fon &+Y¥n(o) , 


where for the first case 
X,(6) = kıkq (a), Y,(4) = —hyk ae a 
and the second 


E 4e = 2 4c. o on 
Xn(õ) = yk za COSTS » Y,(6) = —kyk xq Bate 


Equating X and Y to zero according to (68.23) we obtain the follow- 
ing equations for determining the amplitude a,, and the phase ex 
of forced oscillations: 
= ex Tı -+ Ta) (Gex— Cox CO8 Pex) + Wex(1— T, Trox) Cox SID Pex + fi =0, 
Wex(1 —T, Tits) (@ex— Cox C08 ex) a wal Tı + Ts) CexSi0. Pex + fa = 0 , 
where for the first case 
fi = kikaexg (tex), fa = Hy kGexGi(Gex) , 
and the second 


4e 4e 
fi = kik p COBTOex , fe = kik p es . 


The second case is simpler to study in that the quantities f, and fa 
are given constants (not dependent on the required aer and ex). 

Let us now illustrate the second (graphic) method of solving the 
problem. On the basis of the given system equations (68.28)-(68.30) 
we may immediately write the function ®(a) from formula (68.26) 
or (68.27). For the first case (Fig. 286d) we have: 


k,k[q(a) — ig,(a)] | 
(Tyiwex +1)(Teiwex +1)twex |’ 


and for the second case — with delay) 


D(a) =a [r+ 


kik — © (costo — 45in TWex) 


ma) = kan ay THERE Tee” 
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Assigning various values to the variable a, we plot the curve ®(a) 
by points in the complex plane and find the points of intersection 
with the circle of radius Cex, as was shown in Fig. 309. 

Approximate frequency method of determining forced oscillations. 
Let us describe this method, following L. S. Goldfarb. Let the 
non-linear element in the system of Fig. 307 be defined by the equation. 


Ta = F(a) . (68.32) 


Let us find for it the approximate amplitude-phase characteristic 
W,(a@) according to formulae (65.6) and (65.7). We consider two 
cases. 

First case. The transfer function 2,/x3, of the closed system 
(Fig. 307) is such that 


as, 14+-Wilie) Wala) Milio) + Wala)’ (68.33) 


Wem 
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where M,(iw) = 1/W,(tw) is the inverse amplitude-phase charac- 
teristic of the linear part. Let us represent the characteristics M,(iw) 
and — W,(a) in the complex plane (Fig. 310). The amplitude a,x of 
forced oscillations of the quantity x, defines the point D while the 
frequency wex the point E. From formula (68.33) and the drawing 
(Fig. 310) we find 

Gex _ | Mi(iwex)| OE 


Cox | Mi(iwex)-+ Wa(a)| DE’ 


from which the amplitude Cex of the external periodic force 2%, takes 
the values 


DE 
Cex = OE Qex - (68.34) 


Shifting the point D along the curve W,(a), we may thus find the 
dependence of aer on Cox at the given frequency x, while shifting 
the point E, the dependence of these quantities on the frequency wex- 
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Second case. The transfer function 2/73, of the closed system 
(Fig. 307) is such that 
wy Wilio) 1 


zh 1+ Wylia) Wala) Miio) + Wala): 





(68.35) 


Then on the basis of this formula and the drawing (Fig. 310) we 
obtain: 

lex 1 dl 

Cex  |Miltw) + Wala) DE’ 





from which 
Cox = DE - Gox - (68.36) 


In other cases, when the transfer function does not come under 
the particular forms (68.33) and (68.35) the construction is more 
complicated. 


69. Improved frequency method of determining forced oscillations and 
self-oscillations in relay systems 


We describe here a frequency method which is more exact than 
the approximate methods considered in Section 68 and in Chap- 
ter XVI, siuce we take into account here all the harmonics of the 
non-linear oscillations expanded in a Fourier series and not only 
the fundamental component. But this method is convenient only 
for relay systems, while the above approximate methods may be 
used for almost any non-linear systems. However it is very useful, 
since relay systems are the most important type of non-linear systems 
(in Section 59 an exact method was considered for determining self- 
oscillations in such systems). The frequency method presented here 
was proposed by Ya. Z. Tsypkin. His idea was also partially developed 
by Yu. V. Dolgolenko. Certain initial considerations on self-oscil- 
lations were published previously by G. N. Nikol’skii. Here we shall 
follow the presentation of Ya. Z. Tsypkin. 

Let there exist a relay system with structure shown in Fig. 307¢ 
(in Section 68 on p. 675 it was shown how the configuration of 
Fig. 307b reduces to this), where the linear part is described by dif- 
ferential equation (68.12), i.e. there is a defined transfer function 


Wi(p) = Rip) (69.1) 


Qp) 


(the minus sigu, as usual, is omitted), while the non-linear element 
has the relay characteristic shown in Fig. 311a, denoted further by 


Xa = F(z), $ = tit ays (69.2) 
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where 2, is the output quantity of the linear part while 2, is the 
external periodic force 


Lex = CexSİN (Wext — P); (69.3) 


here in contrast to Section 68 the phase shift 9 is introduced into 
the expression for the external force so that the required forced 
oscillations of the system may be written with zero initial phase 
(which does not affect the essence of the matter). 

Let T be the half-period of forced oscillations, i.e. 


a(0)=b, 2(T)=—b; (69.4) 
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In the steady-state forced oscillations at the given frequency wex 
the output quantity of the relay element 2, is a sequence of rec- 
tangular pulses of given duration T, amplitude ¢ and with alternating 
sign (Fig. 3118). 

As in Section 59 for self-oscillations, here for the steady-state forced 
oscillations we write the following conditions. Firstly, switching of 
the relay occurs at 


pa 


a 
Secondly, the conditions for switching are 
z(0)>0, ż(T)< 0; 
thirdly, switching within a half-period should be absent 
slt) >—b with O<t<T. 


Considering that « = ®ı + Lex and employing (69.3) and (69.4), we 
write these conditions in the forms 


a,(T)— eexssing = --b, (69.5) 
a,(7') p cexCO89 <0, (69.6) 


a(t) + eoxsim (jt-9} >—b with O<t<T. (69.7) 
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respectively. These conditions for the existence of forced oscillations 
of the system at the frequency of the external periodic force will 
be used below to find the forced oscillations. 

We note in passing that to find the self-oscillations of the system 
in the absence of the external periodic force (4.x. = 0), we employ 


the analogous conditions 
T 





T=—, (69.8) 
#,(t)<0, (69.9) 
g(t)>—b with O<t<T. (69.10) 


In approximate methods we have substituted the actual curve 
of oscillation of the output quantity of the non-linear element by 
its fundamental component. Now for the curve m(t) (Fig. 311b) 
we shall employ the complete Fourier series 


40 < 1 j 
n=Fa) =~ 2) mazen- 1) toes (t)3 (69.11) 
m= 
this constitutes the input quantity for the linear part of the system. 
Now the output quantity of the linear part of the system a, may 
be obtained on the basis of the amplitude-phase characteristic of 
the linear part 





; Ri(iw) 
Wie) = Oia) 
where A(w) and B(w) denote, as before, the modulus and argument 
of the amplitude-phase characteristic. As already discussed in 
Section 8, to determine the output quantity 2, when the input is 
given in the form (69.11), it is necessary to multiply each harmonic 
individually by the corresponding values of W,(iw), where 
w = (2m—1)uex and m=1,2,..., œ, and then add. In addition, 
if we determine the quantity ~, in the closed system (Fig. 307a), 
then from (68.12) it is necessary to introduce the common minus 
sign. As a result we obtain 


= A(a) 6(w) , (69.12) 


Tı = — T =a [(2m—1) Oox +B ((2m—1) ex) | 
i (0<t< T). (69.13) 


In particular, with t = T, taking into account (69.4), we have: 
4¢ yy A ((2m—1 
(2) = >. (( ) ex) 


= mi Bin ((2m— 1) wex) , | 


: (69.14) 
f(T) =É oer Y, A ((2m—1) wex) cosp ((2m—1) ces). | 


mal 
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But the quantities Acosß and Asing from Fig. 50 are the real 
and imaginary parts of the amplitude-phase characteristics of the 
linear part W,(tw) = U,(w)+1V,(w). Therefore expressions (69.14), 
considering also (69.4), may be rewritten in the form 


Vi ((2m—1) wex 
an=” a m d 


a (69.15) 
Ta (T) E3 U ((2m—1) oe) . 
m=1 
For convenience in further investigations we introduce the con- 
dition for the frequency characteristic of the relay system 


Wo) = U,(w)+1V-(a) , (69.16) 
with 
Toj = T (T) = k U, ((2m— 1) ox) , 


“SLA ((2m— 1) wox) 
2n—-1 


(69.17) 
V,(o) =a (T) =— 


We shall construct this characteristic in the following manner. On 
the given amplitude-phase characteristic of the linear part of the 
system (69.12), shown in Fig. 312a, we mark off the points 





Fig. 312 


Wex, 3Mex, 5Wex, «--, (2M—1) wex, ..., and then reduce their ordinates 
by 1,3,5,...,2m—1,..., times respectively and to the points thus 
obtained we plot the radius vectors (Fig. 312a). The geometric sum 
of these vectors, multiplied by 4c¢/x, according to (69.17) and (69.16) 
gives the vector of the characteristic W,(w.x). This will be one point 
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of the required curve. Carrying out the same operation for various 
values of wex, we obtain the complete curve of the relay system 
frequency characteristic W,(w) (Fig. 312b). 

If in the given relay system (in its linear part or in the relay itself) 
there is a constant time delay +, then only the initial amplitude- 
phase characteristic of the linear part is changed, which in place 
of (69.12) should be taken in the form 


Ri(tw) 
Qi(tew) 


and all the remaining, as well as the further calculations considered 
below, remain as before (except the investigation of stability). 

Determining self-oscillations. Let us plot on the graph W,(w) the 
straight line MN, at a distance —b from the U,—axis and parallel 
to it (Fig. 312¢). At the point D of intersection of this line with the 
curve W, we have V,=--b, U,<0. According to (69.17) this 
denotes x,(7) = —b, 4,(7) < 0, which coincides with the conditions 
for the existence of self-oscillations (69.8) and (69.9). Consequently 
the point D (Fig. 312c) defines the frequency of self-oscillation «, 
in the given relay system. 

The waveform of self-oscillations of the quantity ~, is determined 
by formula (69.13), in which wex is substituted by w,. Consequently, 
to determine the amplitude of self-oscillation a, it is here necessary 
to carry out a fairly cumbersome summation of individual harmonics 
with various amplitudes and phases and to find the maximum of 
the resultant curve. If we limit ourselves to the fundamental com- 
ponent: (as in the approximate methods), then 


Wilio) = 





eio Z A (w) eko ‘ 


4c 4 , , 
aye Alo) = |Wifio)] . (69.18) 


It is similarly possible to find the waveform of self-oscillations 
of other intermediate variables in the linear part of the system, 
employing the corresponding amplitude-phase characteristics. 

Determining forced oscillations. Let us mark on the curve W,(w) 
the point for the given frequency of the external periodic force wex 
(Fig. 312d) and plot an arc of radius ¢ex (equal to the amplitude of 
external periodic force) with this point as the centre. The point of 
intersection of this arc with the straight line MN lying to the left 
of the iV,—axis defines the phase shift » of the unknown forced 
oscillations of the quantity x, at the given frequency wex, since the 
conditions (see Fig. 312d) 


V,(@ex)— CexSing = —b, 


U( @ex) — Cercos <0, 
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which from (69.17) are equivalent to conditions (69.5) and (69.6) 
for the existence of these forced oscillations, are satisfied. 

In Fig. 312d there is a single point, while in Fig. 312e two (two 
periodic solutions), in Fig. 312e again a single point. 

From these graphs it is evident that forced oscillations of the 
system at the given frequency wex do not arise for all amplitudes Cex 
of the external periodic force. There exists a minimum value, which 
as we have seen in Section 68, is termed the threshold value cè of 
the amplitude of the external force. For points wex lying to the 
left of the iV,—axis, the threshold value of Cer is equal to the 
shorter distance from the point wex to the line MN (Fig. 312d and e). 
For points wex to the right of the iV,—axis the threshhold Cex is 
equal to the distance from the point wex to the point of intersection 
of the straight line MN with the tV,—axis (Fig. 312/), since in the 
latter case for smaller Cex condition (69.6) is violated. 

It is still necessary to determine the amplitude a, of forced oscil- 
lations of the quantity 2, or other variable in the linear part of the 
system. This is particularly important where the external periodic 
forced is applied for vibrational linearisation of the relay system, 
since in these cases it is necessary to take the frequency wex such 
that the amplitude a,, is sufficiently small (much smaller than the 
amplitude of self-oscillation a,). The forced-oscillation amplitude is 
determined after detailed plotting of the oscillation curve from 
formula (69.13) or, as in approximate methods, from the fundamental 
component 


Mex © “© A (Wer) = ÉE Walica] , (69.19) 


which may be used for preliminary calculations. 

For more exact plotting of the regulation curves both in the 
oscillatory regimes and in others, it is recommended to use the 
numerical-graphical method of Bashkirov, described below in 
Chapter XVIII. 

Stability of oscillations. According to the Liapunov theory, for 
stability of forced oscillations, it is required that all roots of the 
characteristic equation 


Oox Wox _ $ C; p1? 1 Lr 
Soo cosy + (1 a? tet sient = 0 (69.20) 
have modulus less than unity: |z,|<1 (k=1,2,...,”). Here we 
employ the notation: p; are the roots of the denominator Q,(p) of 
the transfer function W,(p) of the linear part of the system, T = r/wox, 
C; = lim(p— pj) Wi(p) . 
DD; 


1 
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To investigate the stability of self-oscillations in place of (69.20) 
we take the characteristic equation 


n 
G oer 


Let zper — 99 oman 
1 


j= 


where T = n/w, and again we require |z| < 1 (k =1,2,...,n). 

Both equations are valid only in the absence of multiple and 
zero roots of Q,(p). 

In the presence of a zero root of Q,(p), which is frequently the 
case, the left-hand sides of the characteristic equations are more 
complicated. 

Let us transform equations (69.20), substituting 


z=, (69.22) 


Then the second term of the equation will resemble the transfer 
function of a pulse regulation system (Chapter XIII). Therefore 
here we employ similar calculations, reducing the left-hand side 
of equation (69.20) finally to the form 


q = W*(p), (69.23) 

where 
q = Z- [cexto8p— U, (wex)] ; (69.24) 
W*(p) =? Wi(p-+4(2m—1) aes) . (69.25) 


The left-hand side of equation (69.21) is reduced to the form 


1 
Toerla +W(p)), (69.26) 
where 
T=, q=- z Vo, (69.27) 


while W*(p) has expression (69.25) with substitution of wex by «. 
We plot the curve 


W*(tw) = U*(w) +iV%(w) with 0< w< wex (69.28) 
according to formula (69.25), substituting in it p = iw. If the real 
and imaginary parts are separated, we obtain 


co 


U*(w) = — D Ui (o +(2m— 1) ex) ’ 
— (69.29) 
V*(o) = — > Vı (o +(2m— 1) wez) - 


m% 
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Consequently it is necessary to start from the given amplitude- 
phase characteristic of the linear part of the system. Let it have 
the form of Fig. 312a. We plot the curves U,(w) and V,(w) (Fig. 313a 
and b); for positive w they are taken from Fig. 312a and then sym- 
metrically extended towards negative w. After this each of the 
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curves is repeated many times shifted along the w-axis by the 
quantity (2m—1)w.x, where m=0,1,2,..., and —1, —2,.... The 
ordinates of all curves are summed on the segment 0 < w < wex, 
which from (69.29) gives the values of U*(w) and V*(w), and thus 
the required curve W*(w) with 0 < œ < mex (Fig. 3130). 

We note the positions of the extreme points of the curve: 


W(0) = = Urlo), Woe) = 2 >) Umoe). 
= m=0 

Analysing all the above relationships, Ya. Z. Tsypkin came to 
the following result, 

Forced oscillations at the frequency wex will be stable if the differ- 
ence between the numbers of positive and negative passages of the 
curve W*(iw) through the real axis on the segment (—oco, —q) with 
increasing w from 0 to wex is equal to zero (when the linear part is 
stable or neutral). If the denominator of the transfer function of the 
linear part of the system Q,(p) has $ roots with positive real part, 
the above difference should be equal to s. 

In this formulation a positive transition is downwards (points 
A and C in Fig. 314a), while negative is upwards (point B), where 
the distance q is calculated from formula (69.24). If the value of 
W*(tw) at w = 0 or at w = wex is itself on the segment (—co, — 4), 
we consider that the curve W*(iw) carries out here a half transition. 

If the curve W*(iw) does not intersect the segment (— oo, —@q) 
at all (Fig. 314b and o), with stable or neutral linear part the forced 
oscillations will be stable (with neutral linear part the curve passes 
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to infinity as in Fig. 3140). If the leftmost point w = 0 of the curve 
W*(iw) does not intersect the real axis, the stability condition for 
forced oscillations will be U*(0) > —q, ie. cosp > 0. Then of two 
periodic solutions possible in Fig. 312e that one will be stable for 
which |p| < 90° (the left point of intersection of the are with the 
straight line MN). 

To investigate the stability of self-oscillations we apply the same 
construction of the curve W*(iw), and the same criterion with 





Fic. 314 


substitution of wex by ,. In this it is found that the origin of the 
curve W*(iw) at œw = 0 is located at the point (—q,10), as shown 
in Fig. 314d, with a vertical tangent. In this case we should consider 
that curve 1 (Fig. 314d) has no passage at the point œ = 0 while 
curve 2 has a half passage. The curve 1 (in the absence of passages 
at other points and with stable linear part of the system) corresponds 
to a stable self-oscillation while curve 2 to an unstable periodic 
solution. 

Example. Let us consider the same automatic regulation relay 
system considered in the example on p. 719. The transfer function 
of the linear part of the system, from (68.28), will be 


lyk 
(Tip +1)(Tap+1)p' 


The corresponding amplitude-phase characteristic of the linear 
part W,(tw) is shown in Fig. 315a. According to it by the above- 
described method of summing vectors (Fig. 312a) we plot the indi- 
vidual points W, and obtain the frequency characteristic of the 
relay system W,(w) in the form of Fig. 315b. Its point of intersection 
with the line MN defines the frequency of self-oscillation in the 
given relay system. From the graph it is evident that the frequency 


Wilp) = (69.30) 
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of self-oscillation will be the greater, the smaller the width of hys- 
teresis loop b (Fig. 311a). 

The amplitude of self-oscillation is difficult to determine here. 
As a rough estimate we may take the amplitude of the fundamental 
component (69.18), where A(«,) is the radius-vector of the curve 
W(iw) at the point w = œ, in Fig. 315a. 

To find the conditions of interruption of self-oscillations using 
forced oscillations at various frequencies wer, from Fig. 312b it is 
necessary to take on the characteristic W, of the given system 


(a) eh (b) 4% 
w 
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(Fig. 315b) various points ox and to determine the threshold 
values of Cex as the shortest distances of these points to the straight 
line MN. As a result it is possible to plot the graph of threshold 
values of the amplitude of the external periodic force Cex as a function 
of its frequency wex (full curve in Fig. 3150). 

In addition, in Fig. 315c the curve of distances from the points wex 
in Fig. 315b to point L is given in broken line. Then the region I 
(Fig. 315c) will correspond to values of Cex for which there is a single 
periodic solution, as in Fig. 312d (forced oscillations at frequency wex). 
Region II has two periodic solutions (as for example in Fig. 312e), 
one of which—the stable one—defines the forced oscillations at 
frequency wex. In region III (Fig. 3150) are values of the amplitude 
of external periodic force Cex not capable of suppressing self-oscil- 
lation in the given system. 

To estimate the amplitude of forced oscillations from the funda- 
mental component (69.19) we use, as before, the curve W, (Fig. 315a). 

To study the stability of self-oscillations and forced oscillations, 
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by the above method (Fig. 313) we plot the curve W*(iw), which 
in the present case takes the form of Fig. 315d. Since it does not 
intersect the real axis anywhere, except at the point œ = 0, then, 
as follows from the above theory, in the region II (Fig. 315c), of 
the two possible periodic solutions that one will be stable for which 
|p| < 90°; it defines the forced oscillations which will be established 
in the system. 

From the material presented in Part IV it is evident that the 
quality of a non-linear automatic system is either estimated very 
roughly or, in many cases, is not subject to a theoretical evaluation. 
Therefore to calculate and design non-linear automatic systems 
particularly great importance is ascribed to plotting the curve of 
the regulation process for various external forces. For this we may 
employ the numerical-graphical method (described below in Sec- 
tion 72), which permits plotting the regulation process for various 
elements with various values of their parameters. This permits 
a better basis for selecting one or another alternative of the pro- 
jected system. 


CHAPTER XVIII 
NUMERICAL-GRAPHICAL METHOD 


70. Basis of the Bashkirov numerical-graphical method. First and second- 
order linear equations 


In the preceding parts of this book we have considered various 
methods of investigating stability, estimating the quality of transient 
responses, determining self-oscillations and forced oscillations. All 
this has served for the best choice of structure and parameters of 
various types of closed automatic systems. 

However we cannot consider the investigation of the quality of 
the system completed with this. After the structure and parameters 
of the system have been chosen it is still necessary to verify that 
the entire regulation (or tracking) process in the given system 
proceeds in the necessary manner and satisfies the requirements 
placed on the system. This is achieved by plotting the curves of 
the regulation (or tracking) process by a theoretical method for 
various external perturbations and input commands, typical for 
the operation of the given system and then testing the system in 
a model and in the form of an experimental prototype. 

In the present section of the book we shall consider methods of 
plotting the curves of the regulation process (in particular, the 
transient process) as the concluding stage of the theoretical study 
in the design of automatic systems. Questions of modelling and 
testing automatic systems are outside the scope of this book. They 
require very serious attention and particularly detailed discussion. 
We are also not presenting here methods of studying the influence 
of random forces on the system, given in terms of probability charac- 
teristics (statistical methods). 

In view of the approximate character of many of the criteria 
of the quality of automatic systems described in the previous sections 
of the book, it is useful to construct the curves of the regulation 
process for several alternative possible structures and numerical 
values of the system parameters, and to select the best of them. 

We present first a numerical-graphical method developed in 1948 
by D. A. Bashkirov, which in application to automatic systems is 
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the most universal in the sense that it is applicable both to the 
plotting of transient curves and the curves of regulation (and track- 
ing) processes with arbitrary external forces variable in time; it is 
equally applicable both to ordinary linear systems and to systems 
with delay, to systems with time-variable parameters, to non-linear 
systems with arbitrary non-linearity (including relay systems). 
The external perturbation f(t) or the command y(t) may be given 
arbitrarily as a function of time, either graphically or in tabular 
form. 
Initial assumptions of the method. Let us consider the exponential 
(Fig. 316) of the form 
(70.1) 
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where T is the time constant of the exponential, O, is an arbitrary 
constant, and, following Bashkirov, we shall prove that the pro- 
jections of the secants, plotted through any two points of the ex- 
ponential equidistant in time, are of constant length. 

Let us take two arbitrary points of the exponential A and B 
(Fig. 316), separated in time by a certain quantity At, where A corre- 
sponds to an arbitrary time ¢. Let us plot through them the secant 
ABD and find the length of its projection FD. From the similarity 
of triangles BED and AFD we have: 


ED BE AL AF 


FD~ 4’ BL DF’ (79:2) 
From equation (70.1) we find: 
AF = C— z(t) = CeT, 
Sika 
BE = C—a(t+At)=Ce ?, 
which gives: 
At 
BE _ C—alt+ At) oT., (70.3) 


AF O-z) — 


Let us denote the length of the projection of the secant AD by Ts, 
ie. FD = T,. Then from the first of formulae (70.2), taking into 
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T,.=— (70.4) 


which proves that the length 7, of the projection of the secant is 
constant, since T, does not depend on ¢. Simultaneously this formula 
expresses a relation between the quantity T, and the time constant T 
for any given exponential. 

It is convenient, expanding the denominator of expression (70.4) 
in a series 


T 


T 


2 3 
1—e 7 At 1 (At 1 (At z5 
T 2! 3! 


and dividing, to represent formula (70.4) in the form 


At 1 At 1 /At\3 At 
t= 7+ S|1+5 F—sa5 (7) +.Jat+ 3 (70.5) 
(if At < T). It is of course possible not to carry out this substitution, 
but to use the exact formula (70.4), from which the method described 
below does not differ in principle. However for other considerations 
we shall always take At< T. Therefore the substitution (70.5) has 
practically no influence on the exactness of solution. 
From the second of formulae (70.2) and from the drawing (Fig. 316) 
we have further 
Av C-z i C—a 
At Ts T+ = 





(70.6) 


The exponential (70.1) is, as is well known, the solution of the 
equation 
Ti+s =C (70.7) 
with the initial condition 
æ(0) = C—C. 


Graphical solution of a first-order nonhomogeneous equation. Let 
it be required to solve the differential equation 


Ti+ = f(t) (70.8) 


with initial condition 2(0) =, where f(t) is an arbitrary given 
function of time If equation (70.8) has the form 


Ti+a = bf(t)+b f(t) or Teta = df(t), 


where /,(¢) is given, then we first carry out the corresponding calcu- 
lations in the right-hand side and obtain it in the form of a single 
prescribed function f(t) as in (70.8) 
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We replace the prescribed curve f(t) (Fig 317a) by a stepwise 
curve such that within each segment A? it has a constant value, 
equal to f(¢+ At/2) Then within each segment At equation (70.8) 
will have the form 

Ti+a=C., 
where 


(a) ys 





Wi 
m 


Fre. 317 


Since this agrees with equation (70.7), it is possible to employ 
formula (70.6), for each segment, At, which in the present case 
gives: 





N (t+ F)- 0 
— r (70.9) 
pe 


From this formula there follows the validity of the following 
graphical construction shown in Fig. 317b. The given curve f(t) is 
shifted along the axis of abscissae by the quantity T, figuring in 
the equation to be solved (70.8). If a single point A(t, x) of the 
required curve x(t) is known, then, joining it to the point D, taken 
at the center of the segment At on the curve f(t), we obtain the 
point B, constituting a new point æ(t- At) of the required solution, 
since here the triangle AFD has exactly the same form as in Fig. 316. 

As a result the entire process of graphical solution of equation (70.3) 
appears as shown in Fig. 317¢ and consists only of simple plotting of 
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straight lines of the type ABD (Fig. 317b). In this the point D is 
always given by the right-hand side of equation f(t) while the point A 
in the first step by the condition 7(0) = a. The quantity At is taken 
at will (it is convenient to take it so that it fits a whole number 
of times into the segment T). The point B (Fig. 317c) is found by 
plotting the straight line AD through the given points A and D; 
the following point 2 of the solution is found by plotting the straight 
line from the point B to the point 2’; then the point 3 by plotting 
the straight line from the point 2 to the point 3’, etc. In Fig. 317c 
we show as an example the straight line plotted from the point 7 to 
the point 8’ to obtain the point 8 of the required solution x(t). 


(a) yz re 





Fie. 318 


All the points found in this manner belong (approximately) to 
the required solution. From the construction it is evident that with 
decrease of At the solution obtained tends to the exact solution. 

We shall also indicate the graphical solution of the equation 

Tz = f(t). (70.10) 


It is possible to write approximately 





TAT es i(t + Shar 
or 
At 
as ta) (70.11 
u` F aa: 


The construction based on this formula is shown in Fig. 318a. 
The technique of plotting differs from that of Fig. 317 only in shifting 
the point D above the curve f in each step by a certain quantity x 
(obtained from the preceding step of the integration). The given 
curve f(t) is here shifted along the axis of abscissae not by T as 
before, but by T— At/2. 

As a result the entire process of graphical solution of equation 
(70.10) thus reduces to plotting straight lines (Fig. 318b) of the 
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type ABD (Fig. 318a). In this the point A is given at the start 
(Fig. 318b) by the condition «(0) = a, the point D is obtained by 
adding the segment a, to the ordinate of the prescribed function f(t) 
at ¢ = At/2 (i.e. at the distance T from the origin of coordinates). 
Plotting the straight line through the given points A and D, we 
obtain the point B (Fig. 318a), constituting the new point of the 
required solution x(t). Laying out the new value æ thus found from 
the following ordinate of the prescribed curve f, we obtain the point 2’, 
which joined to the point B by a straight line, gives us the new 
point 2 of the required solution x(t), etc. In Fig. 318b the line 5—6’ 
is shown as an example, plotted to determine the point 6 of the 
required solution s(t). 

Numerical solution of a first-order nonhomogeneous equation. It 
may sometimes be found inconvenient to carry out the graphical 
construction in practice, particularly for cases of large angles of 
inclination of the secant in individual segments of the required 
curve w(t) (the scale of the drawing required may be too large). 

In all cases when it is undesirable to use the graphical construction, 
we may employ a numerical method giving exactly the same result. 
Let us describe it. 

In solving equation (70.8) we have from (70.9): 


and, in addition, 
æ(t + At) = a(t)+ Az. 

Consequently, the process of numerical solution of the problem 
will consist in the following. Taking the integration step At and 
having the prescribed function f(t) and the value æ(0) = £ọ, we 
calculate: 





n(At) = Pte + Bef (Sr) 


x(2At) = B,x(At) + Baf (a+ 3) , | 2) 
Í (70.1 


where 
(70.13) 


Here integration reduces to the simple operation of addition 
(subtraction) with multiplication by fixed numbers 8, and Bz. 
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In Fig. 319a and 319b it is shown how the values of the given 
function /(t) are taken and in which form the result of the solution «(t) 
is obtained. 

The process of multiplication by the constant numbers f, and B, 
may be speeded up using the inclined lines with the slopes tan « = ĝ, 
and tana, = §, (taking into acconnt the scale). Laying off the number 





to be multiplied in the form of segments OA and OC (Fig. 319¢), 
we obtain the results of multiplication in the form of segments OB 
and OD. 


To solve equation (70.10) we have from (70.11) 


At, |, At 
de = Fi (t+ F l 


Therefore the process of solution appears as follows: 
At 
TCE | 


z(24) = o(At)+ pf (a+ F) 





(70.14) 
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where 


At 
p= 7: (70.15) 


These calculations are analogous to the preceding. 
Graphical solution of a second-order nonhomogeneous equation. Let 
it be required to solve the differential equation 


aË + dé +- age = filt) (70.16) 


with initial conditions #(0) = a, 2(0) = čo; where /,(¢) is an arbitrary 
prescribed function of time. If the equation of the system has the 
form 

yt + mt + age = bojalt) + dy f(t) + be fal?) y 


where f(t) is given, it is first necessary to calculate the complete 

right-hand side and to write the equation in the form (70.16). If f(t) 

is a step or impulse, it is possible to solve the homogeneous equation, 

recalculating the initial conditions according to Section 6. 
Equation (70.16) may be reduced to the form 


T,7,¢+ T+ = fit), (70.17) 
where 
Alt) 


,=%, h= f=" 


Denoting 2, = Tč, we separate equation (70.17) into a system of 
two equations 

Tita = f(t), (70.18) 

Tå = &,. (70.19) 


These equations are analogous to the above equations (70.8) 
and, (70.10). Therefore, on the basis of (70.9) we have for the first 


equation: 
At At 
j(t+ 3)-2(t+ at a(t) 
Ag, 2 2 ; 
oe pe (70.20) 
+s 
Formula (70.11) in application to (70.19) is written in the form 
At 
a(t+At)—a(t) _ w, (t+ a) 
At ~ hg T; i 


Shifting in this all values by the half-step of integration At/2, we 
obtain 
Aw _ (t+ At) 0.21 
“At =a T * (7 a ) 
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where by Ag we denote 
At At 
Ag =g (+3 3\—# (t+ z) ; 

The graphical construction based on formulae (70.20) and (70.21) 
is shown in Fig. 320a. It combines two constructions, one of which 
(at the right) is analogous to Fig. 317, while the second (at the left) 
is analogous to Fig. 318. These constructions reduce to the following. 
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An arbitrary intermediate integration step is represented in 
Fig. 320a. Here we know the curve f(t) and have as well the points 
A,fa,(t)] and Af[x(t+ At/2)] from the preceding integration step. 
At the ordinate f(t+ At,2) we lay off the segment «(t+ At;2) down- 
wards, if it is positive. Joining the point D, with the point A, by 
a straight line, we obtain the new point B, of the curve m. We add 
to this new ordinate 2,(¢+ At) the segment «(t+ At/2) upwards, if 
it is positive. This gives us the point D. Joining the latter with the 
point A, we obtain the new point B of the required curve g. 

Thus, the entire process of solution again reduces only to plotting 
straight lines. But if in solving a first-order equation each step 
of integration required plotting of only a single line, here it consists 
of plotting two lines A,D, and AD. 

The process of construction, as is evident from formulae (70.20) 
and (70.21) should begin from the values 7(At/2), æ (At/2) and æ (0). 
The first of these is known, since f(t) is prescribed. The values 
«(A |2) and @,(0) should be found before proceeding with the solution. 
We express them in terms of the prescribed initial conditions #(0) = 2% 
and 2#(0) = a. 

From (70.19) we have 

@,(0) = Tato. (70.22) 
Further, since At is a fairly small interval, it is completely permissible 
to assume that in the segment At/2 the function v varies along its 
tangent, i.e. 

At 


At . 
T (3) = Ut a Lo. (70.23) 


708 The Dynamics of Automatic Control Systems 


Thus, we have obtained, the initial data for plotting the transient 
curve by the above method. 

As an example, in Fig. 320b the graphical solution of equation 
(70.17) is shown for 7,=2 and T, = 0-5, for a sawtooth pertur- 
bation f(t) given graphically, and with initial conditions 7(0) = — 0-62; 
ż(0) = 0-8. We take the integration step At = 0-2. 

Numerical solution of a nonhomogeneous second-order equation. 
In all cases where a purely graphical construction is inconvenient, 
the same problem is easily solved numerically in the following 
manner. 

The given differential equation (70.16) is represented in the 
form (70.17), i.e. 

TT æ+ Ttw = f(t), 


and is separated, as before, into two equations (70.18) and (70.19). 
The integration step At is chosen. From the initial conditions 7(0) = a 
and ż(0) = č, according to (70.22) and (70.23) we calculate the 
quantities 

At. 


: At 
al) = Tio , o(F)-a+ h. 
On the basis of formulae (70.20) and (70.21) the order of numerical 
calculations will be as follows: the first step 
At At 
atan = pa) +h aS) 


2 
2(3 3) =g (3)+ Psx,(At) , 





At At At 
res Be A as’ Ps =T,’ (70.24) 
the following steps 
æ (2At) = Bm (At) + Be | (s z)” (s | 3 
æ(54At) = a@ (s 7) + Bsn (200) y 
attan = patele F) 
alt+s S) =o(t+ 5) + Benlt-+ At) , | ee) 


Plotting the regulation curve in a linear system with delay. Since 
the method is analogous to the preceding, we shall consider it imme- 
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diately in a simple example. Let the equations of the regulated object 
and the regulator have the forms 


7, Jn = -m tht), (70.26) 
a(t) = ka(t—1), (70.27) 


respectively, where f(t) is an arbitrarily given perturbation, 2, is 
the deviation of the regulated quantity, xv, is the displacement of 
the regulating organ, t is a constant time delay in the regulator. 





O 2 4 & 8 I0 2 la k 
Fig. 321 


Let us first find the stability region in the parameter plane 
(k,7/7,). The characteristic equation of the system, from (70.26) 
and (70.27), will be 

Tywtil+her=0. 

The auxiliary Mikhailov curve (Section 49) 
has the form of a straight line (Fig. 321a). The circle of radius k 
intersects it under the condition k> 1. Therefore, if k<1, the 
system is stable for arbitrary +. If k >1, there is a critical time 
delay. From the triangle OK’B (Fig. 321a), we have 


cos (T — TkOk) = l 


k ? 
where 
Tyo, = VR—-1. 
From this 
= ™— cos-} i 
T = 3 E ; (70.28) 


which is the boundary of stability represented in Fig. 321b. 

Let the regulator time delay in our example be 7 =0-17,. By 
plotting the regulation curve for eight points of the stability region, 
denoted in Fig. 321b, following D. A. Bashkirov we verify the 
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variation in shape of this process with increase of regulator transfer 
factor k. As the perturbation f(t) let us take for simplicity and 
clarity the unit step f(t) = 1(t). Here let v, = 0 with ¢<0. 
Comparing equations (70.26) and (70.8), we conclude on the 
basis of Fig. 317b that in the present case it is necessary, taking the 
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distance along the axis of abscissae from the origin of coordinates T,, 
to plot the graph of the function (f—,) with respect to time. But 
we still do not know the quantity z,. Therefore we as yet plot only f(t), 
the straight line LM (Fig. 322a). 

From (70.27) and the initial condition (m, = 0 with ¢<0) we 
see that 2, = 0 not only for ¢ < 0, but also with 0 <? <+. Therefore, 
laying off from the point L the segment + (Fig. 322a), it may be 
stated that the segment LN of the function f(t) represents simul- 
taneously what is required to plot the function (f—#,) with 0 <t <1. 
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Further we select the integration step At. Let us plot the corre- 
sponding grid in Fig. 322a. According to Fig. 317b we plot from the 
center point of the first integration step D (Fig. 322a) the straight 
line to the point 0 (since v, = 0 at t = 0). This gives us the first 
segment 0B of the required curve of the regulation process 2,(t). 
We then take the center of the next integration step F, joining it 
by a straight line to the point B, as a result of which we obtain the 
second segment BC of the curve m(t). Continuing this construction, 
we arrive at the last step on the segment LN and, correspondingly, 
to a certain point R on the curve 2,(¢), lying at a distance + from 
the origin of coordinates. Further, with ¢>7 we have now 2, Æ 0. 
Therefore on the basis of (70.27) to determine the value of f—z, 
(at the center of the first step after the point N) we should take 
the value 2, = FG (at the center of the first step of the curve s, 
Fig. 322a), multiply it by the regulator transfer factor k and lay it 
off in the form of the segment HJ. Then the segment JP will have 
the required value (f—,). The point J is now joined to the point R 
which gives the new segment RQ of the required regulation process 
curve x(t). 

All further construction proceeds analogously, namely, we take 
the segment SU (at the center of the second step of the curve 2,) 
and lay off VW =k-SU (at the center of the second step after the 
point N). We join the point W to the point Q, as a result of which 
we obtain the succeeding segment QZ of the required regulation 
curve m(t), etc. 

In this manner the eight regulation curves represented in Fig. 322) 
were plotted, corresponding to the eight points marked in the sta- 
bility region in Fig. 321b. 

The corresponding curves (f—,) obtained during this construction 
are also shown (Fig. 322b). Since f = 1, these curves may be con- 
sidered as graphs fo the displacement of the regulating organ 2, 
with reversed sing, if we take the straight line LM as the axis of 
abscissae. 

The regulation curves plotted clearly show that with constant 
delay + and constant regulated object, with increase of regulator 
transfer factor k the regulation process progressively passes from 
aperiodic to oscillatory. The frequency and amplitude of these 
oscillations increase as the boundary of stability is approached. 

At k = 15-7 (at the boundary of stability) undamped oscillations 
with constant amplitude are obtained, as is evident from the graph 
of Fig. 322b. There is no doubt if we had taken k > 15-7 (in the 
region of instability), the regulation process curve of the given 
system carried out by the above method would lead to a graph 
of divergent oscillations. 
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We note that the given system would be stable with arbitrary 
positive values of its parameters (k and T,) in the absence of delay, 
as a first-order system (according to (70.26) and (70.27) with + = 0), 
where the regulation process with f = constant would always be 
expressed by a simple exponential (oscillations would be completely 
impossible). Introduction of the constant time delay + radically 
changes the properties of the system; oscillations and the possibility 
of instability of the system appear. 


71. Numerical-graphical method for linear systems of arbitrary order 


On the basis of the principles considered in Section 70 we shall 
now describe the Bashkirov numerical-graphical method for plotting 
the regulation curves in linear systems of arbitrary order. Here, 
as above, we assume arbitrary initial conditions and arbitrary ex- 
ternal force on the system, given as functions of time (analytically, 
numerically or graphically). 

If we have the differential equation of a system 


(agp + ap"! +... + dna P+ On) @ = (bop +b pt +... 
tht + by) falt) 5 


where f(t) and all coefficients are given in numerical form, it is 
first necessary to carry out all calculations in the right-hand side 
of the equation and to obtain the right-hand side in the form of 
a given function of time f,(t). It is then necessary to solve the differ- 
ential equation of the system in the form 

(aop + ap"! +... + anp + On) & = filt), (71.1) 
where j,(¢) is an arbitrarily given function of time with arbitrarily 
given initial conditions: a, %,..., 29° (on the initial conditions 
for transient processes see Section 6). We consider separately three 
different general cases. 

The case where the roots of the characteristic equations of the system 
are known, Let it be required to plot the regulation process in 
the system, described by the differential equation (71.1), where 
the roots 2,, Zas... Zn Of the characteristic equation of the system 

a” + a,2"-1 4+... An + An = 0 
are known. They may be found, for example, by the simple numerical 
method (Section 39). 

Since we consider only stable systems, all roots of the charac- 
teristic equation have negative real parts. Let us assume that of n 
roots m are real, and may be written in the form 


l 1 as 


AS y’ a=- T oo) im = Tr? (71.2) 
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while the remaining (n—m) roots are complex. For each pair of 
complex roots, for example, 


Zm+12 = —atktwo («>0), 


it is necessary to calculate the constants Tm+1, Tm+2: in the following 
manner: 





1 2a 
T m+ Oa’ Tarta = 


aapa (71.3) 


Then the operational polynomial in the right-hand side of equa- 
tion (71.1) may be decomposed into factors in the form 


(Tıp +1)(Lop +1) .. . (Tmp $1) (L412 m4eR? + Tmp +1) .. 
.- (Tn-Tn p? -Trap +1)2 = f(t), (1.4) 
where 


Equation (71.4) may be further represented in the form of a system 
of first and second-order equations: 


(Tip+1)2, = f(t), l 

(Tap +1)2, = 2, | 
(Limp +1)%m = m-i, 71.5 
(PmiilmieP? + Tmp +1)fm+2 = Em y (71.5) 
(Im+sTm44 pP? + PsP +1) Emt = Em4, 


(Varta p? + Tap +1) = ay~2. 





From the given initial conditions 
æ(0) = %, px(0) = Žo, ..., p” m (0) = ao, 


employing (71.5) we easily find the initial values of all variables 
in succession, beginning from the last 


Ln-(0) = Tn- Tidy + Tato + 2o ’ 
Fn—(0) = Ty—1T nd + Tria + to. 


etc. until we arrive at 


2,(0) = T.%,(0) + 2,(0) . 


We then solve in succession graphically or numerically each of 
equations (71.5) individually in order, beginning with the first, 
and exactly following the methods described in Section 70. 

The case where the roots of the characteristic equation are un- 
known. Let it be required to solve the differential equation (71.1) 
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without calculating the roots of the characteristic equation of the 
system. 

Let us transform the given equation. We first divide through the 
equation by an» and substitute 


n 
t 
r=y2, 1-=-®, (71.6) 
Then equation (71.1) takes the form 
(1+ aprig epet. tp ti)e=j (10 
an An An 
The operational polynomial in the left-hand side of this equation 


is then divided by (Tp +1). Asa result of division, according to (39.10) 
we obtain the polynomial 


Tp" +b, p"? +. + bn-2P + bn- 5 





where 
b, = = A a 
a te (71.8) 
bop pe (b= 2,81) 
and the remainder 
k = i (71.9) 


Consequently, it is now possible to write equation (71.7) in the 
form of two equations 
(Tp+1)%,=f(i)-khez, 


eis es gi (71.10) 
(T p"! + bp gis ee a E 


We divide the last polynomial again by (Tp+1). The result of 
division will be 


T” p" + ap"? + + CnP + Cne, 


where 
Cy = ot _ get ? 
bi— ĉi- 
a= D (i =2,3,...,n—2), 
and the remainder 
se (71.41) 
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Continuing these operations, we reduce the initial differential 
equation to the following system of n first-order equations: 
T#,4+2,=f(t)-khye, | 
Tit 2 = 2, — kot , 
Ta, + 0, = 2,— kat , (71.12) 


Tz +2 = La — Ent. 


Each of these equations is analogous to equation (70.18). There- 
fore, according to (70.20) it is possible to write for them the re- 
lationships 


At At 
Tra +3) — kg ( + Z| — m(t) 


“At At , 
T+ 


At At 





ay At , (71.13) 
Tra 
t At At 
A m(t Z) kao (t+ FZ] —a(t+ J 
y ee 
De 


(for convenience of plotting in the last equation a deviation from 
the general rule has been made in the argument of the last term, 


é 


sh 

q 
Ł 
N 
8 
RS 





which has no significance). D. A. Bashkirov gives a better method 
of interlaced secants, which will not be described here. 

The system of relations (71.13) corresponds to the graphical 
construction shown in Fig. 323, where an arbitrary intermediate 
step of the solution is represented. First on the ordinate f(t+ At/2) 
the quantity %,2(t+ At/2) is laid out downwards, if it is positive. 
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The point obtained D, is joined to the point A,, corresponding to 
the value of #,(t). The result is a new point B, of the curve a. 

Then, from the center of the interval A,B, the segment kx (t + At/2) 
is laid out downwards, which gives the point D,. Joining the latter 
with the point A,, corresponding to the value of 2,(t), we find the 
new point B, of the curve 2. From the center of A,B, we again 
lay off downwards the segment k,x(t + At/2) etc. These constructions 
are continued to the left until the entire system of equations (71.12) 
(or, which is the same, (71.13)) is exhausted. The last straight line DA 
in this construction gives the new point B of the required curve z(t). 

Each step of integration of the nth-order differential equation 
thus reduces to plotting n straight lines D,A,, D,A,,..., DA. 

From this construction it is clear that the quantities «(t+ A#/2), 
x(t), L(t), ...) Zn—ı(t) Should be known from the previous step. There- 
fore construction of the curve x(t) is shifted by At/2 in comparison 
with the others. In order to avoid calculating the values of the 
products 


At At At 
nal $), rafit F) o tehit F). 


lo the left af the origin of coordinates 0 inclined rays are plotted 
at angles «r; %,... respectively, where 


tga, = ki, tea, = he,..., toon = kn. 


Then, obviously 
At At 
we(t+ 5) = ER, ba (t+ 5) = BP. 


From this it follows that to begin the very first step of integration 
it is necessary to know the quantities x(At/2), %,(0), %,(0), ...» 2n—1(0). 
These are all defined by the prescribed initial conditions 


2 (0) = a, pu(0) = ip, PEO) = af”, 


where according to formula (70.23) 


At At. 
o(Z)~a0+ 9 tos (71.14) 


and all remaining quantities are calculated during the above- 
described division of the polynomial, namely (71.10): 


x,(0) = Dn-12p + bn—2%p + ooo + ba?) + Tyge ’ 
(0) = Ca—28o + On—sty +... + I” ay” , (71.15) 


Pe eroso ssoes asao reren erau 
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Graphical integration may be substituted by numerical which 
according to (71.13), is carried out in the following order. The values 
of all functions at t = 0 and t = At/2 are calculated from formulae 
(71.15) and (71.14). The auxiliary quantities 

a=- bes 
T+— T+ oi 





(71.16) 


are introduced. Then numerical solution is carried out according 
to the formulae 


m(t At) = Bia (t) + Be | ERETTE 


| 
w(t + At) = B,x,(t) + Be |a ( + 3)- kax ¢ + S| ; 


3 At 
(t+ 5 At) = pre (t+) + 
At At 
+ Be |en: (+ F) knw (t+ SIl 3 


It is also possible here to employ the graphical multiplication 
described above using inclined straight lines for kı, kas... kn, Bis Be- 
We present an example of the graphical solution of a sixth-order 
differential equation carried out by D. A. Bashkirov (without calcu- 
lating the roots of the characteristic equation). Let the equation 


(0:03125p° + 0-28125p5 + 1-1875p4 + 2-8125p3+ esate 
+3:875p? + 3p +1)a = 1(t) (74.18) 


be given, with zero initial conditions. We calculate 
T = /0-03125 = 0-5612. 


Let us divide the operational polynomial by (Tp+1). We obtain 
the quotient 


0:0557p° + 0402p + 1-4p? + 2-518p? + 2418p +1-037 (71.19) 


and the remainder 
kı = — 0-037 . 


We divide the last polynomial again by (Tp+1), which gives: 
0:-0992p4 + 0:539p? + 1-535p? + 1:750p + 1:19 (71.20) 


and the second remainder 
k, = — 0:173. 
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Similarly we find the other remainders: 


ka = 0-896; k, = — 1:478; 
ks = 1:721; ke = —0-949. 


As a result, according (71.12) we obtain for the solution the 
following system of equations: 


0-5612%, +æ, = 1 (t) + 0:0372 , 
0-5612%,+2,=a%, +0-1532, 
0-56124,+%7,=a7, —0-8967, 
0-5612%,+% =2, +1-4782, 
0-56122,+0,=2, —1-7212, 
0-5612 +e =a, +0:-9492, 


(71.21) 


the initial conditions remaining zero. We take the integration step 
At = 0-52. 


Ts Ig T; 


MIRPZEDAMEZ 
HA 












T 2 IT z, 47 57 67 77 BF IT WT NT LT 
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In Fig. 324 the graphical solution of the system with all inter- 
mediate curves is shown. Comparison of the solution obtained with 
the exact analytic solution gives the following results: 














t | 0 | n/2 | ud | 3n/2 
g exact ...... 0 0:0795 0-5903 0:9281 
g graphical .... 0 0-085 0-600 0-935 














The exact solution has here the form 


æ = 2e—* — 6-4e-# + 0-2e-*F cos (2r + 7) + 
+1-6 /5e-‘cos(t—tan-!0-5)--1. (71.22) 


Numerical-graphical Method 719 


This example clearly shows that the presence of complex roots in 
the characteristic equation does not necessarily signify an oscillatory 
transient, as has already been discussed in Section 36. In the present 
case, regardless of the presence of these roots, the process is mono- 
tonic for the regulated quantity x(t). 


(cj D, 
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In this example (Fig. 324) the perturbation is taken in the form of 
a unit step 1(t) only to make possible a comparison with the exist- 
ing exact solution for this case. If we take f(t) in arbitrary other 
form (even given graphically for numerically), the process of the 
graphical solution is in no way more complicated. 

The case where the equation of the system is constructed according 
to elements (without further transformations). This case, following 
D. A Bashkirov, will be considered by an example of plotting the 
curve of an automatic voltage regulation system for a dynamo. 

The schematic diagram of the system is shown in Fig. 325a. Its 
action is analogous to that of the system described in Section 24. 
Here W, and A, denote the winding and armature of the electro- 
magnet (sensitive element); C is the carbon column (regulating 
organ), connected in the field circuit F, of the dynamo (regulated 
object); S1, S2, Sa are springs; the second of them with the damper T, 
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comprise an isodromic device. The damper D, symbolises the re- 
sistance to the mechanical motion of the moving parts as well as 
the damping effect of eddy currents in the armature, etc. R, is the 
load into which the dynamo operates. 

Similarly to the derivation of equations in Section 24, we may 
here write the following system of equations: 


Lı = Le; 

Toto + 2a = Ly ; 

Tats +23 = V2 — Vib, 
T p&p + Ep = kpas, | 
Tit; = — Dy, 
Tete + Le = Ts , 


(71.23) 


where 2, = (Y — V°) V? is the relative deviation of the regulated 
voltage V; %, = (I,—I2)/I2 is the relative deviation of the electro- 
magnet current; £= 7,%,, where a = (z—2%)/2 is the relative 
displacement of the armature As; % = (z—y)/2 is the relative 
displacement of the spring Sa; Læ = kata; % = (re— re) (Pi +72) is 
the relative deviation of the field circuit resistance; 2, = (I,—I})/I? 
is the relative deviation of the field current; R,, Ra, fe are the 
resistances of the field and electromagnet windings and the carbon 
column; L,, L; are the inductances of the field and electromagnet 
windings; Cs, Ce are the resistance factors of the dampers D, and D,, 
reducei to the coordinates z and y respectively; ¢, is the stiffness 
of the spring Sa; ¢, is the coefficient of tractive force of the electro- 
magnet; m is the mass of the armature A,; 


T, ="4, T=”, Tae. 
h Cs ite 
ars maT “Bae 
ia i nee 
Cle Ta 


ks is a dimensionless coefficient, defined by x, = —k,%,. The following 
values of the parameters of the system are given: 


T,=0:015; T,= 0-01; Typ = 0-03; 
ko = 5; T; = 0:00165; T, = 0-06; 
The initial conditions 
æ (0) = 2,(0) = s0) = 0:07 and 2,(0) = x0) = sp0) =0, 


which correspond to a drop in the dynamo load from I= 104A 
to zero. 


Numerical-graphical Method 721 


We take the integration step At = 0-005 sec. 

Since all equations (71.23) are first-order, we may employ them 
directly for plotting the transient curves by the above graphical 
or numerical methods. 

Graphical plotting of the transient curves with a force in the 
shape of a unit step is carried out in Fig. 325b. None of the plotted 
curves are superfluous (auxiliary); each of these curves has a definite 
physical significance and practical value for calculating the system, 
namely: m(t) is the variation of the deviation of regulated voltage, 
a(t) is the current in the regulator electromagnet winding, 2,(t) 
is the armature velocity, «,(t) is the variation in the field circuit, 
zelt) is the displacement of the spring S,, comprising together with 
the damper D, in effect the transient feedback. 


72. Numerical-graphical method for systems with time-variable parameters 
and for non-linear systems 


The Bashkirov method described in Sections 70 and 71 was also 
developed by him for non-linear systems and systems with time- 
variable parameters. As before, it is possible to introduce here 
arbitrary variable perturbations or command functions and arbitrary 
initial conditions. 

First-order nonhomogeneous equation with variable coefficients. Let 
it be required to plot a solution of the equation 


a(t)e+ a,(t)” = filt) 
with initial condition + = 7 at t = 0. Dividing it by a(t), we reduce 
the equation to the form 


T(t)é+a = f(t), (72.1) 
where 





a(t) h(t) 
T(t) 1 =i 
Equation (72.1) may be solved graphically by the above method, 
as for equation (70.8), if we take T constant and equal to T (t+ At/2) 
within each interval of time (t, t+ At), but different in different 
intervals. Consequently, the formula for the solution, according 
to (70.9), will be 


while the process of plotting reduces to the following. We plot the 
given curves f(t) and T(t) (Fig. 326). From the point E on the 
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curve f(t), taken at the center of the first interval At, we lay out 
the horizontal segment EM = T(At/2), with the length taken as 
the ordinate of the point H of the given curve T(t), ie. also at 
the center of the first interval At. The point obtained M, is joined 
by a straight line to the given initial point of the process A. As 
a result a new point B on the required curve x(t) is obtained. We 
then take similarly the ordinate of the point J, laid off in the form 
of the segment FN and plot the straight line NB, giving the new 
point C of the solution x(t), ete. 
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Second-order nonhomogeneous equation with variable coefficients. 
Let it be required to plot a solution of the equation 


a(t) + alt) + a(t)æ = f(t), 
which may also be written in the form 


T(t) Tt) ë+ T,(t)t+a = f(t), (72.2) 
where 











= a(t) _ alt) _ hlt) 
T(t) =a a(t)’ T(t) re a(t)? f(t) oo a(t) 
with initial conditions «=a, č = Ż at t = 0. If there is an opera- 
tional expression in the right-hand side of (72.2), we first calculate 
the right-hand side as in Section 70. 
If we put ~, = T,(t)ż, equation (72.2) divides into two: 





Tit) è ta = f(t)—e(t), | (72.3) 
Tithe = 2, 
where 
ei) =a- Tye, TA) = Ty), (72.4) 


and the initial conditions will be: 


£ = Do; ıı = Vy) = T0) čo at t=0. 
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Equations (72.3) are analogous to equations (70.18) and (70.19) 
substituting only in the first equation quantity x by the more compli- 
cated quantity 9(t). Therefore the formulae for solving equations 
(72.3), according to (70.20) and (70.21), will be: 





At At ) 
an, te Z]-e(t+ jao | 
wee TO at), at” 
T, (t+ z+ 2 (72.5) 
Ag _ m4 (t+ At) | 
At 1,{t+ At)’ 


where i F 
A t t\ . 
oft 5) = alts z- T; (+ 50 , 


and in the second of formulae (72.5) the values of Ay are taken 
shifted by At/2 to the right in comparison with Az. 





From this there follows the following construction. We plot 
the prescribed curves 7'(t) and T,(t) as well as the curve T(t), defined 
by the second of formulae (72.4). They are shown in the graph of 
Fig. 327a. 

On a second graph we plot the prescribed f(t) (Fig. 327b). On 
the basis of the given initial conditions (see above) we plot in the 
last graph the points 2, 2) and in the center of the first interval At 
(as in Section 70) the point A with the ordinate (70.23), i.e. 


At At, 
(5) = Ta + y” . 


47 
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From the point E, at the center of the first interval At we lay off 
on the curve f(t) downwards the segment 


At At At\ 
za =o(3) =2(2) -5 [7] % 


(downwards when it is positive and upwards when it is negative). 
Here the quantity #(At/2) is taken as the ordinate of the existing 
point A, the quantity 7,(At/2) is taken from the graph T,(t), while 
the quantity t from the given initial conditions. From the point 
obtained E, we lay off the horizontal segment 


At 
ELM =T, (3) ’ 
the magnitude of which is taken from the graph of T7,(t). We join 
the point M by a straight line to the point 2,,, which gives us the 
new point H, of the curve 2,(t) with t = At. 
From the point H, we lay off downwards the segment 
At\- 
HH, =g% (F) ’ 
equal to the ordinate of the point A. From the point H, we lay off 
a horizontal segment 
H,K = T(t), 


the magnitude of which is taken from the graph of T,(t). We join 
the point K with the point A, which gives the new point B of the 
required curve a(t) in the center of the second interval At. 

Let us describe as well the second integration step. From the 
point F, of the curve f(t) in the center of the second interval At we 
lay off downwards the segment 


FF, = 9(ar+) = as- T| Z) tana, 


where æg is the ordinate of the point B obtained above; tan, is the 

tangent of the angle of inclination «, of the straight line KA plotted 

previously (this gives the required value of ż). We lay off the segment 
FN =T, (a + S) 

and plot the straight line NH,, obtaining the new point J, of the 


curve q(t). 
From the point J, we lay off downwards 


IT, = TR 3 
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and then to the right 
1,L = T,{2At) , 


after which we plot the straight line LB This gives the new point O 
of the required curve x(t), ete. 

Here, as in Section 70, the entire construction may be substituted 
by numerical calculations. 

Second-order non-linear equation. Without considering the first- 
order non-linear equation, let us turn immediately to the second- 
order equation. We first rearrange it so that all non-linear terms 
are in the right-hand side of the equation together with the pertur- 
bation f(t). We shall consider the coefficients of the left-hand side 
to be constant, but the solution may be extended on the basis of 
the preceding material to the case of variable coefficients. 

Thus, we write the second-order non-linear equation in the form 


T, Tä +T ètre = O(t, x,t), (72.6) 


where T, and T, are given constants, while all non-linear terms 
of the equation, dependent on x and its derivative, as well as 
the external perturbation, dependent on the time ¢, are included 
in the function O(f,7, ż) (the non-linearity may have arbitrary 
form and may be expressed either analytically or graphically). 
Similarly to Section 70 we divide equation (72.6) into two: 


Tii +2 = 0 (i T, z)-2» | 
2 





(72.7) 
Tx = Ly . 
According to (70.20) and (70.21) we write: 
At At) 1 At 
An, ofe- z?’ (t+ Sh 7ntb|—2 (t+ S| alt | 

“At ee At , i 12.8) 

Ti+ 7 

As m(t+ AAt 
u a ; (72.9) 


in formula (72.8) we have substituted «,(¢+ At/2) by 2,(t) to simplify 
the construction and to make it agree with that in Section 70. 
This assumption does not have a substantial influence on the precision 
of the solution (a better method was proposed by D. A. Bashkirov). 

The arbitrary integration step (Fig. 328) will have the same form 
as in Section 70 (Fig. 320), except that here in place of the preas- 
signed graph f(t) at the right there will be plotted points forming 
the graph of the function ®(t, x, x,/T,) obtained during the process 
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of solution. The procedure for the solution in an arbitrary step 
of the integration will be here as follows. Having obtained in the 
preceding step the points A and A,, i.e. the values «(t+ At/2) and 
a(t), we substitute them in the given expression ®(¢, 7, x,/T,) and 
obtain the corresponding value of ®, which we plot in the graph 
(the point D, Fig. 328). Then, joining the points A, and D, by 
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a straight line, we obtain the point B,, the new point of the solution 
for x,. Laying off from the point obtained B, the magnitude x(t + At/2), 
taken from the point A, we plot the point D. Joining the latter to 
the point A we obtain the new point B of the required solution a. 

In the following integration step we shift by At to the right, 
employing as the initial points B and B,. 


Set) 





Nonlinear 
circuit 


From this it is evident that to start the solution it is necessary 
to know the values of #(At/2) and 2,(0). They are defined from the 
initial conditions #(0) =a and «#(0) = 2%, from formulae (70.22) 
and (70.23). 

Non-linear system of arbitrary order. As before, we represent it 
as ccnsisting of a linear part, having an arbitrary structure, and 
described by an nth-order differential equation (Fig. 329a): 


Q(p)x = R(p)a*+P(p)f(t), (72.10) 
and of a non-linear component with the equation 


a* = F(a), (72.11) 
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where F(x) is the non-linear characteristic of the element. We 
describe the method here by the example of a non-linear charac- 
teristic shown in Fig. 329b. This characteristic is of a fairly general 
form; various other characteristics considered previously, including 
the relay type, may be obtained as special cases of the given charac- 
teristic. The method may be applied to characteristics of any other 
arbitrary form. 

Since the external perturbation f(t) is given, we shall consider 
given as well the function a 


filt) = P(p) f(t) . 


Let us rewrite equations (72.10) and (72.11) in the form 


Q(p)x = f,(t)+ R(p) F(a) , (72.12) 
where 
Q(p) = agp” +a p” + sea + an-ı P + an ’ (72.13) 
R(p) = hop! + hy ps! +... + hap -he . 


We denote that œ here signifies the variable quantity at the input 
to the non-linear element. We shall seek the solution for it æ(t). 
The initial conditions x(0) = x, pa(0) = a, ..., p” (0) = a" are 
easily calculated from the given initial conditions for the regulated 
(or other) quantity from the equations of the corresponding elements 
of the linear part of the system. 

We shall consider two cases: (1) the roots of the polynomial Q(p) 
are known and (2) the roots of the polynomial Q(p) are unknown. 

1. When the roots of the polynomial Q(p) are known we find 
according to (71.2) and (71.3) the quantities T,, 7,,..., In and 
we write equation (72.12), according to (71.5), in the form of a system 
of equations 


(pta = ADERE, — | 
(Tap +1)2: = 2, 


(Tmp F 1) 2m = Dm-1 3 
(Tm+1Tm+2 p? + Tmi +1)tm+2 = Bm , 


(Tm+sTm4a P? + TmisP +1) amts = Emte 5 


(72.14) 


(Tai np? + Trap ++1)e = Ln- . j 


These equations are solved, individually in succession as first and 
second-order equations according to Section 70. Only the solution 
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to the first of them requires some explanation. The formula for its 
solution (70.9) here takes the form 


Am _ AE Beadle o(t+ Faw 


At ’ 
r+% 


(72.15) 


where the value of #(t-+ At/2) is known from the preceding step 
of the solution of the last of equations (72.14), as carried out accord- 
ing to the scheme of Fig. 320 (with f = 0). 

Having the value of x(t-+ At/2), from the given non-linear charac- 
teristic (Fig. 329b) we find the corresponding value of F[a(t-+ At/2)]. 
But for formula (72.15) we require R(p)F[a(t+ At/2)], where R(p) 
is the cperational polynomial (72.13). If the point (t+ At/2) falls 
on the horizontal of the characteristic (Fig. 329b), the derivatives 
will be zero and we obtain: 


rreh 3) =n elt]: 


if the point #(¢-+ At/2) is incident on the inclined segment of the 
characteristic (Fig. 329b), then 


of F| = terar ol gl], 


where the signs + or — apply according to whether the value of œ 
is increasing or decreasing at the given step in the solution at the 
time ¢ (this is determined according to which side of the hysteresis 
loop of the characteristic is being used at the given moment). 
The process cf solving the first cf equations (72.14) will thus be 
the same as in Fig. 317b, but the point D at the right is determined 
not from the value of {(t+At/2) as before, but by the value of 


R(p)F 





= {a (t+ F)+RorF[o(r+ FI}, 


whose calculation is clear from the above. As a result, with this 
small addition the solution of the equations cf a non-linear system 
reduces to the same simple graphical construction as the solution 
of linear equations. 

2. When the roots of the polynomial Q(p) are unknown, carrying 
out the division cf the polynomial indicated in Section 71, according 
to (71.12) we reduce the initial equation (72.12) to a system of 
equations 
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Pi, +a, = Uh) + RPP (a) ks, 


Tit 2a = %— kot , 
Td + T3 = La — kat 3 


TEAL = Inik nf , 


” 1d 
r-/%, 


and ki, ka, ..., kn are the corresponding remainders after division. 
The formulae of the solution will have the form (71.13) if in the 
first in place of f(¢+ At/2) we substitute the expression 


Lille Sonor) can 


and calculate it exactly as in the previous case. The process of the 
graphical solution of the entire system of equations (72.16) will 
have the form of Fig. 323, where the point H at the right is determined 
not from the value of f (t + At/2) as before, but by the value of (72.17). 
By this method the process a(t) is determined for the variable at 
the input to the non-linear part of the system. Knowing this process 
and the equations of individual linear elements of the system, it 
is possible by their use to pass to the regulated quantity or to any 
other variable characterising the process in any given element of 
the system. 

More complex system. Let the equations of the automatic system 
be given in the form 


(72.16) 


where 


(T;p +1); = O,(t, Vy Ley vevy Ln) ’ 


72.18 
Tipt; =O, (t, Tig Log esy Tn); l ) 


where 


i=1,2,..,% J=k+l, k42; n, 


and the right-hand side of equations (72.18) may include any type 
of non-linearity and any prescribed functions of time. The initial 
conditions are prescribed: 


Di = Lay and aj=—2;, at t=0. 


Let us calculate from (72.18) the values 


. 1 
Tis = PLP, Tios Lay +++) Lng) — Lig] , 


1 
T; 


Lig = D;(O , Lios Looy «++ ng) ; 
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after which, according to (70.23) we calculate 


At At. At At. 
Vi (F) = Lu t g 7w vj (F) = Big + 7 Tio. 


Having these values, we may calculate also the values of the 
right-hand sides of equations (72.18) at t = At/2, which we denote 
for conciseness by ®,(At/2) and ®,(At/2). 

As a result, for the solution of each of equations (72.18) we may 
employ formulae (70.9) and (70.11) in the form 


At 
an, a(i F) alo 


T ’ 





At At 

Ti+ 

‘At 

ae, _ (+3) 
A TT; 


This corresponds to constructions similar to those of Fig. 317 
and 318 for the variables æ; and æ; respectively, where, in place 
of the prescribed curve f(t), in this case we obtain the curves 
Dlt, Liy Laze Ln) and D(t, 8i, La. Ln), calculated during the 
solution (the start of these calculations has been discussed above). 

The graphical constructions may be substituted by a numerical 
solution according to the formulae 


È; ( + 3)- x(t) 
EENET E a E 





x(t + At) = x(t) + yT , 
7 
where afier each step of calculation it is necessary to shift only 
by At/2, in order that the succeeding step always have available 
the results of calculating the values of ®,(¢+ At/2) and ®;(t+ At/2). 
It is obvious that no difficulties will arise in the solution if equa- 
tions (72.18) have time-variable coefficients T,(¢) and T;(t). 
Example. Using the graphical method D. A. Bashkirov con- 
structed the transient curve for a non-linear system described by 
equations (66.45) and (66.46), already considered above in Section 66, 
for the following data 


Ti = Ta = 0'2; B =k, =1; ky = 0-2; ky =k, = 01; T,=5; To=1, 
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and the initial conditions 
(0) = 9(0) = 0; &(0) = —0-2; E(0) =0. 


For an ideal relay characteristic (Fig. 303¢) a8 a result of the 
transient (F g. 330a) steady-state oscillations are established with 







p 


Laws 
maine 


Upper boundary of the zone of 
insensitivity 







Lower boundary of the zone 
of nonesensitivity 


Fic. 330 


period 2-6 and amplitude 0-174 for the deviation of the regulated 
quantity 9. In the presence of a zone of insensitivity o, = 0-08 
(Fig. 303d) a damped transient is obtained in the same system 
(Fig. 3306), which attenuates after the first operation of the regu- 
lating organ (duration of operation is equal to 1.12). 


CHAPTER XIX 


ANALYTIC SOLUTION AND FREQUENCY METHOD 


73. Ordinary analytic solution 


The application of the ordinary analytic solution of linear differ- 
ential equations with constant coefficients was illustrated in the 
examples of Section 6. In addition, in examples of Section 9 and 
Section 59 the piecewise application of this solution was demonstrated 
to obtain the transient curve and self-oscillations in a non-linear 
automatic regulation system (the method of matching solutions). 

Linear automatic regulation systems are described by differential 
equations of the type 


(ay p” + ap"! +... + an- P + Qn) a* 
= (bop’+...+b-1p +,)7(t). (13.1) 


Therefore, when it is necessary to find the transient curve caused 
by an input step or impulse: f(t) = ¢-1(t) or f(t) = e°1'(t), the problem 
reduces to solution of the homogeneous equation 


(aop + a, p! +... Han- P Hans = 0, (73.2) 


but with new initial conditions calculated by formulae (6.23) or (6.26). 

Without repeating the ordinary method cf the analytic solution, 
we describe here a useful procedure for calculating the arbitrary 
constants developed by A. I. Sud-Zlochevskii. In the usual solution 
two most cumbersome computations are encountered: (1) finding 
the roots of the characteristic equation and (2) determining the 
arbitrary constants for given initial conditions. The first of these 
operations may be carried out by the simple numerical method 
already described in Section 39. It is therefore now necessary to 
obtain a simpler method of determining the arbitrary constants of 
integration. Thus, let there exist a homogeneous differential equation 
(73.2) with arbitrary initial conditions and the roots of the charac- 
teristic equation found by the simple numerical method (Section 39). 

Of the total number of roots n of the characteristic equation 
let there be m real (%,%;...,2m), the remaining complex 
(2m41,2 = —%,+i0,, etc.). As in the Bashkirov method we find the 
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constants Ti, 72,..., Tn from formulae (71.2) and (71.3) and we 
write the given equation (73.2) in the form of a system of first and 
second-order equations (71.5), where in the present case f(t) = 0. 
As before, we find the initial conditions for the new variables 2,, 2a, ... 

We shall now solve in succession each of equations (71.5), but 
analytically rather than graphically. The solution of the first of 
equations (71.5) with f(t) =0 will be: 


where from the initial condition 7, = a) at t = 0 we have: 
Ay, = 2o. 
But, having now 2,, it is possible to write the second of equa- 
tions (71.5) in the form 
t 
(Tap +1) a = Ane Tı . (73.3) 
Its solution (particular plus general) will be 
ee a 
Ls = Ane Ti + Ane Ta . (73.4) 


To determine the coefficient A,, of the particular solution (i.e. the 
first component of x.) we substitute it in (73.3), from which we find 


after which from the initial condition 7, = 7, at t = 0, we have 
for equation (73.4) 
Age = To— Ag, . 


In turn x, is the right-hand side of the third cf equations (71.5), 
etc. For the mth equation we obtain 
zab RA es Li. 
Em = Ame 71+Amee T+... +Amm-1)é Tm- +-Amme Tm, 


where the coefficients of the particular solutions will be here: 





Aim- Aim- Amim- 

Ay — lm i Aa E A Annai a Su es 
1- >> i=- Je 
Tı T Tm=3 


after which we find from the jnitial condition: 


A mm = &mo— Am— Ame— ne — Å mm- - 
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The next equation in the system (71.5) is a second-order equation. 
Its solution will be 
att 2# zE 
Empo = Amy M+Amigee T+.. tHAmyme Tm + 
+Bimn42) extcos Wt + Cimo entgin Qt. 
The coefficient Aims of the first particular solution is found by 


substituting it in the corresponding equation of system (71.5), which 
gives 




















Aon) Sea Am Fi T. 
1 Em+2 , Tmi1Tm+e 
T, Ti 
The coefficients of the remaining particular solutions 
Ams 
S Maas, Toate 
T, T? 
sey A m4m ap Bom T , 
_ tmt2 , Amtitmtre 
e ee 


are found similarly, while from the initial conditions: &m+2 = Sim+2)0 
and Zon+2) = Èm+20 at t = 0, the arbitrary constants of integration 


Bin2n a Tm+2)0— Atm42n— Aun+o2 Te A (m+2)nr 9 
1 Ay 2)1 A 3 2)2 A; +2 
Conan = E (sons syo heme 4. A yy A op aw) 
(m-4-2)1 o (m-+2)0 T, T, i P (m H2) #1 
are found. 


We thus arrive at the solution of the last equation of the system 
(71.5), which gives the required curve of the transient process æ (t). 

As a result we obtain the folowing general simple formulae for 
solving the entire problem of plotting the transient curve: 


s t 
s= Y Aye g (s =1,2,..., F (73.5) 
j=1 
where for all j < s we have: 
dee == (73.6) 
Paes 
T; 
while for j =s: 
s-l 
Ag =%0— >, An; (73.7) 
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The further solution will be: 


> 


rs 7; + y (Baen cos wjt + Cayesin wjt) 








j=1 j=1 
(s = (m+ 2), (m+4),..., n), (73.8) 
where 
a Asi 
A,; T, TT, (73.9) 
1-H yp 
T; T; 
and then for j < (s—m)/2 we calculate: 
D(e—2); = Ts- Tla; — w7) + T,x;+1 , ] 
E\g~2); = T 5-1 T,2a;0;+ To; ’ | 
Bio- Dis—2)3 — C(s—2j E(s—2)3 
Ba; — 26-2 s 2)j E 2)j H (3 M, | (13.10) 
Dis-2); + E(o—2yi 
g., = Le-a De-a; + Bie—2yj Ee- | 
a= E Dat e 
(6—2)j (s—2)7 
while for j = (s—™m)/2: 
eee 38a, | 
ai (73.11) 
1 
0s; = 1 (14+ S74 a T, -X Para Sud 
q=1 





The last of these o i.e. &n = @ gives us the required 
transient curve. 

Consequently, integration of the homogeneous nth-order dif- 
ferential equation with arbitrary initial conditions reduces to substi- 
tution in these formulae of the values of T;, «j, w; which correspond 
to the previously found roots of the characteristic equation. 

Example Let it be required to plot the transient curve due to 
a unit step f(t) = 1(t) when the regulation system equation has 
the form 


(aop? + a, P* + ay p* + aap? + aa P? + as P + a.) a* 


h = (bop? +b p?+b.p+bs)1(t), (13.12) 
where 


= 0125; @ = 1:125; a,= 4-75; 

a, = 11-25; a, = 15-5; a = 12; a, = 4; 

bo = 2; b =5; ba = 10; by = 4 
with zero initial conditions. We substitute for this equation by 
the homogeneous differential equation 


(aop°+a,p> + a,p*+a,p>+a,p?+a;p+a,)¢=0, (73.13) 
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but with initial conditions calculated by formulae (6.23), namely: 
Mm=—4, %&=%=0, %=—64, aP = —416, sË = 1632 
The roots of the characteristic equation will be: 
a= —2, 2=—-1, Z = u +i = —2472, 
25,6 = %tiw, = — 1il. 
From formulae (71.2) and (71.3) we find: 
T,=05; T,=1; T, = 0-25; T, = 0-5; 
T,=05; Te=1; TTi = 0125; TT =0-5, 
and then the initial values for the new variables of the system of 
equations (71.5), namely: 
ty = —4, ty = 32, By = —144, HF = 464, 
Boy = —6, So = 18, To= 12. 


Putting in formulae (73.5) and (73.6) s = 1, we obtain 


t 
£= Ån TM, Ay =12, 


while with s = 2, from formulae (73.5) and (73.7) we have: 


t t 
By = Aye Ti+ Ape T, Ay =—-12, Ay=6. 


From formulae (73.8), (73.9) and (73.10) we find: 


t t 
2, = Age Ti+ Ape 72+ Buet cos wt + CO, e™ sin wt; 


Ay = — 24; Ag = 9-6; Ba = 10-4; Cu = 7:2 . 


The last variable % = x, from formulae (73.8), (73.9) and (73.11) 


will be: 
-£ eck 
x = Age T+ Age Te+ Bg, cos wt + Co, e sin wt + 


+ Baye COB Wet + Cege sin wat; 
Ag = — 24; Ag, = 19-2; Du = 3; By =—2; 
Ba a 3:5; Ca = 0:0616; Bez = — 2:7; Cez = — 24:6 . 

This is the solution of the homogeneous differential equation 
(73.13). Consequently, the transient curve for the initial equation 
(73.12) has the expression 

vt = (4-H æ) = 1— 6e” -+ 48e- + 0-875e—%cos 2t + 
+ 0:0154¢—-%sin 2t— 0-675e-tcost — 6-15e—‘sin¢ . 
This example demonstrates the simplicity of calculation the 


solution of a linear system of arbitrary order, adequate for practical 
calculations (but only for the transient processes). 
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74. Operational method 


Thus far we have been concerned with the symbolic operational 
notation of differential equations in which we denoted by p the 
operation of differentiation, where the differential equations of 
the system and its individual elements were written conventionally 
with factoring of the variables outside the parenthesis with intro- 
duction of the concept of operational polynomials (Section 5) and 
transfer functions (Section 8). It was shown that such a conventional 
notation is very convenient from the point of view of its conciseness, 
the simplicity of transforming the equations and the simplicity of 
determining forced oscillations in the system and its circuits (fre- 
quency characteristics). 

In the present section we shall consider the operational calculus 
for the solution of linear differential equations. 

The fundamentals of operational calculus are described in the 
books of: A. I. Lur’e (Reference 40), M. F. Gardner and J. L. Barnes 
(Reference 33), V. A. Ditkin and P. I. Kuznetsov (Reference 30), 
and others. Our problem consists only in describing certain practical 
applications of operational calculus to the solution of the differentiat 
equations of automatic regulation systems. 

The method of operational calculus is used to solve not only the 
problem of finding the transient curve but also the regulation 
process for certain perturbations or input commands (for which it 
is possible to write an operational transform). In the operational 
method it is not necessary to determine the arbitrary constants of 
integration as a separate stage of the solution, since the prescribed 
initial conditions are “automatically”? taken into account in the 
solution. It also has the possibility of a single notation for the entire 
process of solution in the presence of piecewise-continuous functions 
in the right-hand side (in place of the cumbersome matching of 
individual segments in the ordinary solution). 

However in the operational method of solution the procedure of 
finding the roots of polynomials is retained. For high-degree equa- 
tions this is possible only in the numerical form (Section 39). There- 
fore it is possible to find the regulation curve by the operational 
method, as by others, only with all the system parameters given 
in numerical form. 

The operational transform. Let there be given the differential 
equation of a closed system in the ordinary notation (5.2). Each 
term of the equation, a certain function of time ọ(t), is transformed 
by use of the Laplace transformation (Reference 33) 

(s) = f ep (t)dt (t>0) (74.1) 


0 
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to a function ®(s) of a different (complex) variable s, where the 
equation takes an algebraic form and may be subjected to algebraic 
manipulation. Here, in distinction to the symbolic operational 
method (Section 5) not the notation but the mathematical content 
of the expression changes. 

The new function in s obtained in this manner is termed the 
transform of the given function of t, while the function itself is 
termed the original. We shall denote the transform by the same 
letter as the original, but capitalised. Thus, if the originals are the 
functions (¢), x(t), f(t), their transforms will be ®(s), X(s), F(s). 

In a number of books (Reference 40, 30) the transform of the 
function p(t) is defined by the Carson transformation 


(s) =s f e`sto(t)dt, 


differing from the Laplace transformation by the factor s. Below 
we shall employ the Laplace transformation (74.1). 

To write differential equation (5.2) in transforms, it is first necessary 
to know the transforms of derivatives cf arbitrary order. Let us 
find the transform of the first derivative dọ/dt = ¢(t) according to 
formula (74.1), i.e. 


fem (tat ; 
0 
integration by parts gives 
e-tol) | +s f egita, 
0 


from which, taking into account (74.1), we obtain — 9,+s®(s), 
where 9, is the value of y(t) at t = 0. 

The following transforms of derivatives and integrals are obtained 
analogously: 

















Original Transform 
ẹ (8) ð (s) ) 
dg i 
‘dt sD (s) — Po | 
do > ; 
ae | 8°D (8) — 80 — Po | 
: (74.2) 
d’ . 
a SrO (s) — s*—1 pa — s* 2 gq -- -e — QU 
i 1 
fewa ~[0(6) +957) 
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where Po, Go, «+, P” are the values of the function ¢ and its deri- 


vatives with respect to time at the instant t = 0, while 9)” is the 
value of the integral at ł = 0. 
Let there be, for example, the second-order differential equation 


ae dx d 
to TE 4- uT + ax = oo + b, f(t) (74.3) 


with the initial conditions: «= £, č = 2% at t=0, and with the 
initial value f = fọ at t= 0 According to (74.2) this equation in 
transforms takes the form 


Gy[8°X (8) — a8 — žo] + a [sX (s) — a] + aX (8) 
== bals F (s)— fo] + bF (8) 
or 
(aos? + 0,8 + dy) X (8) = (bis +D F (8) + 
+ gh g8 + Aoko + ALo— bofo. (74.4) 


This is no longer a differential but an algebraic equation in the 
single variable s (complex, as in general, in each algebraic equation). 
In contrast to this, equations (5.6) and (5.7), written in symbolic 
operational form, remain differential equations (but only with a dif- 
ferent notation for the derivatives) and contain the functions of 
time x(t), y(t), f(t) which are completely absent from equation (74 4). 

If the function f(t) in equation (74.3) is given, then from (74.1) 
its transform F(s) is also known. It is therefore easily possible to 
find from the algebraic equation (74.4) the transform X(s) of the 
required function w(t), namely: 


X(s) = bos + by) F (8) + ayXo8 + aoto + 4,2 — bofo 
ApS? + 448 + Ay f 
Comparing this with the symbolic operational notation (Section 5), 


we note that in the general case, if the differential equation of the 
system has the form 





(74.5) 





L(p)a(t) = S(p)f(t) , (74.6) 
the transform of the required solution x(t) will be 
_ S(s) F(s) + L(s) 
X(s) = Lis) ; (74.7) 


where F(s) is the transform of the given function f(t) while Z,(s) is 
a polynomial reflecting the initial conditions, which are found 
similarly to the above. 

Regulation process for arbitrary perturbation. As a result, the entire 
problem of finding the solution of a differential equation is now 
reduced, firstly, to obtaining by a fairly simple method the trans- 
48 
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forms F(s) for various types of functions f(t) and, secondly, the 
method of finding the required function z{t) from its transform X (s). 

For this purpose we employ the fundamental theorems of opera- 
tional calculus. As a result tables of formulae are exampled which 
give final expressions for the transforms F(s) for a large number 
of different functions of time f(t) (Reference 33). 

Naturally, it is possible in many cases from these same tables 
of formulae to solve the inverse problem of determining the required 
function x(t) from its transform X(s) (obtained on the basis of the 
given differential equation), for example (74.5) or (74.7). In this 
case the solution w(t) of the differential equation may be written 
in the algebraic form in terms of ordinary or arbitrary special 
functions. But this concerns equations of low order or high-order 
equations of a very special type. 

For an example we present the transforms of several frequently 
encountered functions (here everywhere we consider f(t) = 0 with 
t<0, except in the third formula where f(t—t)=0 with t <7): 























AC) | £(8) | 1 | F(s) 
1 a+A 
, Z —At t ——— 
I(t) F e™™ COB w GILa 
o 
, —Àt gi —— aa 
1"(t) | l e™™ gin wt PEEN TE 
J (t-17) oF (6) ou 
4 E fth ue 
at 2 ol rA S T 
8? 
zia | a(n— 1)! fll 
svt A 1, 1— eT 
1 a s l—e-Ts 
ent pace a 
8+ | 2 a 
c t | z | Lt) 
“OS a | ————— fi 
j 82+ w? 1 
s] | | 5 lle ™) 
sin wt ie 7 
| +o? 











There exists a formula convenient for solving numerical problems. 
Let the transform X(s) of the required solution x(t) be obtained 
in the form of the ratio of two polynomials 


X,(8) 
X,(8)’ 





X(s)= (74.8) 
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where the degree of polynomial X,(s) is lower or equal to the degree 
of X,(s). For example, if the transform of the given function f(t) 
has the form 

F,(s) 


F(s) = Fs)’ 





from (74.7) we obtain 


S(s) F(s) + L)(8) F2(8) 


X (8) = Ts) Fs) 





Then, under the assumption that X,(s) does not have multiple 
or zero roots, the required solution is defined by the formula (ex- 
pansion theorem) 


a(t) = a est ë (t > 0), (74.9) 


where n denotes the degree of the denominator 2,(s) in the ex- 
pression (74.8), X3(s) is the derivative of X,(s) with respect to $; 8x 
are the roots of the polynomial X,(s). It is recommended to calculate 
the roots by the simple numerical method described in Section 39. 
The terms of the solution (74.9) corresponding to complex roots 
must be transformed as shown below in the example for the transient 
process. 

If the denominator X,(s) in expression (74.8) has a zero root 
sı = 0, then, putting 
X,(s) = 8X,(s) ’ 


a a Kils) oat (74.10) 
8x: X34 (8x) 


we find 





Analogous formulae exist for multiple poles and for purely imaginary 
poles (Reference 33). 

The convolution theorem is also important for the practical finding 
of the original of the solution. It states that if the transform is repre- 
sented as the product: 

X(s) = X,(s) X,(s) , 


the original is expressed by the formula 


t 
= f a(s)a(t—1) dr, (74.11) 


where 2, and x, are the originals of the transforms X,(s) and X,(s). 
In particular, if a unit impulse acts on the system described by 
the differential equation (74.6) f(t) = 1’(t) with zero initial conditions, 
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the transform cf the solution according to (74.7) will be 


If on the same system an arbitrary perturbation f(t) acts with 
zero initial conditions, then 


SES) 


x (s) L(s) = X, (s) F (8) $ 
Then according to formula (74.11) we find the regulation process 


in the system for a constantly present arbitrary external force f(t): 


a(t) = f a(s)f(t—s)de, 
0 


if the transient process æ (t) in the given system caused by the unit 
impulse is known and if the initial conditions of the required process 
are zero. 

Transient process. For the homogeneous differential equation 
with arbitrary initial conditions we have from (74.7) 


L,(8) 








X (s) = Tis) (74.12) 
and from (74.9) 
= : L(Sx) 
a(t) = 2 Iie esk? , (74.13) 


if L(s) does not have zero or multiple roots. 

Thus the solution of Example 1 Section 6 takes here the following 
form. The transform of the required variable Aw is denoted by Q(s). 
Then the transformed equation of the given system (6.38), according 
to (74.2), will be: 


LA (s)— LAW — sAd — Ady + als (s)— sAw— Ad] + 
+ af (s)— Aoo] + aQ (8) = 0 
or 
L(s)Q (s) = L8) , 
where 
L(8) = 8+ as? + aS + ag, 
L$) = Aas? + (Aad, + a,Aw,) 8 + Ads + a, Ay +- AW 3 


and all coefficients are given according to Example 1 of Section 6. 
For formula (74.13) it is further necessary to have the expression 


L'(s) = 38? + 20,8 + a, , 
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as well as to find the roots sı, Sa, 83 of the polynomial L(s) by any 
means described in Section 39. After this formula (74.13) gives 


L(81) est Ly {82) en Los) 
Lie) tL) + EG) 


The solution remains in this form if all roots s,, S2, S3 are real. It is 
evident that this process of solution is somewhat simpler than in 
Example 1 of Section 6. 

If the roots $, = «--iw are complex, while s, is real, the first 
two terms of formula (74.14) will be complex conjugate. Employing 
the substitution e+! = coswt+isinwt, we come to the solution in 
the form 


t= enfo Re Fa | cos ot — 2Im Frou sin otl + pea et, 
where Re and Im denote the real and imaginary (without the coef- 
ficient i) parts respectively of the expressions in square brackets. 
When the transient process is caused by a unit step of function f(t), 
figuring in the equation of the given system (74.6), i.e. f(t) = 1(t) 
and F(s) = 1/s, with zero initial conditions before the step (bearing 
in mind the presence of a steady-state of the system before the step), 
we obtain from (74.7) 


Aw (t) = ess, (74.14) 








S(s) 
sL(s)° 


From a comparison of this expression with (74.12) we see that in 
the present case S(s) plays the role of the polynomial L,(s), reflecting 
the initial conditions. It is just from such a comparison that the 
formulae are obtained for recalculating the initial conditions (6.23) 
for the given type of transient process. 

Finally, for a transient process caused by a unit impulse of the 
function f(t), i.e. when f(t) =1/(t) and F(s) =1, with zero initial 
conditions before application of the impulse (also with a steady- 
state of the system before application of the impulse) from (74.7) 
we have 


X(s) = (74.15) 





S(s) 
L(s)° 


On the basis of the transforms (74.15) and (74.16) the transient 
curve is found in the same way as in the above example. In both 
cases in place of S(s) we may have according to (5.7) a poly- 
nomial N(s), if the transient process is not caused by the pertur- 
bation f(t) but by the command y(t). 

These formulae for the solution of the differential equation are 
valid also for systems with delay, but the number of roots of the 
equation for X,(s) may here be infinite according to Section 49. 


X(s) = (74.16) 
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Transient process at application of an external force. Above we 
have considered the transient process about a certain constant 
value of the regulated quantity, arising for one of the following 
reasons: (1) as a result of the appearance of arbitrary initial con- 
ditions, (2) as a result of a discontinuous application of a constant 
load f or a constant adjustment y, (3) as the result of an instan- 
taneous impulse in f or y. 

The transient process with application of an arbitrary variable 
external force, as the deviation from the corresponding forced motion 
of the system will be something else; this process will depend on 
the form of the external forces (as noted in Section 6). 

For example, with a unit step of the adjustment y (i.e. the 
command) according to (74.15), (5.7) and (74.10) the transient 
process will be 


N(s) N(0) \Y WN (sx) 


LC ri? =o + L Lo) 





est (74.17) 


(with the system in the steady-state before the step). 
If an input command with constant velocity y(t) = at and 
Y (s) = a/s? is applied, then from (5.7) and (74.7) we obtain 
_ aN (s) + Lis) 
X (s) TE s2L(s) 73) 
where, if before the force is applied the system was in the steady- 
state with v = 0, then La(s) = 0. In this case we obtain 


_ [4 aN(s) aN (0) X ON (81) gat (74.18 
ae) E L(s) fae (0) tS ae an ee rae 











where s, (k = 1,2,...,n) are the roots of the polynomial L(s), 
i.e. the characteristic equation of the system. The first component 
gives a constant stationary error, the second the steady-state process 
(forced motion) and the third, the transient process (Fig. 36). 

From a comparison of (74.18) and (74.17) the essential difference 
between these two forms of transient process in the same system is 
evident. 

From this there follows the practical conclusion that in those 
automatic systems for which the basic steady-state operation is 
not defined by a constant but by some time-variable value of the 
regulated quantity (in program-control systems and in servo- 
mechanisms), it is absolutely necessary to investigate the quality 
of the transient process with application of the most typical variable 
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input command y(t) for the given system. The general formula for 
the transform of the solution according to (74.7) and (5.7) will be 
N(s) ¥ (8) + Lo(s) 

L(s) ; 





X(s) = (74.19) 
where N (s) and L(s) are the polynomials entering into the symbolic 
notation of the differential equation of the given system (5.7), Y (8) 
is the transform of the typical variable input command y(t), L,(s) 
reflects, as in (74.7), the initial conditions. If before application of 
the force y(t) the system was in the steady-state with œ = 0, then 
La(s) = 0. 

Similarly to the above example it is also possible to study here 
the steady-state process, the stationary error of the system and the 
transient process. 

We note that with oscillatory forces the steady-state process of 
forced oscillations and the stationary error are conveniently de- 


Linear 
part 
E 


(a) 





circuit 


Fig. 331 


termined from the frequency characteristics (Section 8). The general 
solution with respect to the transient process for certain forms 
of inputs may be found by the operational method described 
while for arbitrary forces, by the numerical-graphical method (see 
Chapter XVIII). 

Application of the operational method to non-linear systems. Let 
there be for example, a non-linear system in which the linear part 
(Fig. 331a) may have an arbitrary structure and is described by 
a differential equation of arbitrary order (in symbolic operational 
notation): 

Q(p) a(t) = R(p)a,{t) , (74.20) 


while the non-linear element has a simple relay characteristic in 
the form of Fig. 331b. Then each “period” of oscillation of the 
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quantity v, (Fig. 331e) divides into two sections, in the first of which 
%,==c and in the second v, = —e (Fig. 331d). 

The graph of Fig. 331d may be represented as the algebraic sum 
of step functions (Fig. 331e), namely: 


£a = ¢-1(t)—2¢-1(t—t,) + 2e-1(¢—#,) — 26-1 (t—t) +... 


Substituting this in equation (74.20), we obtain the equation of 
the overall closed non-linear system in the form 


Q(p) a(t) = R(p)[e-1(t) —20-1(¢—t) + 
+20-1(t—t)—2e-1(t—t,)+...], (74.21) 


where 2,(t) is the required function and the quantities t, t», tą are 
unknown and are to be determined during the solution as the suc- 
cessive times at which m(t) vanishes (Fig. 331e). 
On the basis of the above table we write the transform of the 
solution to the differential equation (74.21) in the form 
cR(s) Q0(8) 
X,(s) = ——— (1— 267s + Qe—ste— Desist...) + EO” 74,22 
1(8) 50 (a) | + ) * OCs)? ( ) 
where Q,(s) reflects the initial conditions. 
We denote by #,(¢) and S(t) the originals corresponding to the 
transforms 
eR(s) Qo(s) 
Xas) =———~ and YX,,(s) = . 74.23 
ul ) 8Q(s) 10 ) Q(s) ( ) 
These originals are found on the basis of transforms (74.23) from 
the table of transforms or from formulae (74.8), (74.9) or (74.10). 
Then the solution of the system equation (74.21), according 
to (74.22), will be in segments: 





L(t) = Lilt) + a(t) (0<t<t,), 
H(t) = tolt) + y(t) — 2a (t —t) (t <t <t), } (74.24) 
mlt) = Volt) + 2ult)— 28u — t) + 2ay(t—t) (ta <t < t) 


etc. It remains to determine the quantities t,, t2, t3, ... The quantity t, 
is defined as the nearest value of ¢ at which the first of formulae 
(74.24) gives the value v(t) = 0, as shown in Fig. 331c. Then the 
quantity t, is found as the first value of t after ¢, for which the second 
of formulae (74.24) gives m(t) = 0, etc. 

Thus, the operational method defines the entire curve of the 
transient process in the given non-linear system. In the simplest 
cases, applying to (74.23) the tables of operational transforms 
(Reference 33), the solution obtained (74.24) may be expressed in 
algebraic form, while in more complicated cases in numerical form 
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for given numerical parameters of the system, employing the nu- 
merical method for finding the roots of the polynomial (Section 39). 
In essence this is the same method of matching solutions as in the 
examples of Section 9 and Section 59, except for the use of operational 
calculus. 

Analogous to this it is possible to apply the operational method 
of the solution of transient processes in closed automatice systems 
with certain other non-linear characteristics (with a corresponding 
complication of the procedure and the manner of separating it into 
sections). 

To determine the possibility of self-oscillations arising in the 
system and to find their waveform it is necessary to take a single 
arbitrary period of oscillations in the transient process and apply 
the condition of periodicity sim'larly as was done in the simple 
examples of Section 9 and Section 59. 


75. The Solodovnikov method of trapezoidal frequency characteristics 


Let us describe a method for the approximate construction of 
the transient curve in an automatic system (with input in the form 
of a step or impulse) for a given real frequency characteristic of 
the closed system, as developed by V. V. Solodovnikov in 1948 
(Reference 11). This method is useful when the calculation of the 
system is carried out from the very beginning by frequency methods. 
It is absolutely necessary if the equations of all elements of the 
system are not known, while a part of them are given by experi- 
mentally recorded frequency characteristics. 

The method of obtaining the real frequency characteristic of 
a closed system U,(w) or U;(«) was described in Section 44. Now, 
knowing this, it is necessary to construct the curve of the transient 
process for a external perturbation in the form of a unit step or 
unit impulse. To solve the problem we employ formulae (44.18), 
(44.19) or (44.20). The approximateness of the solution consists in 
that the given continuous curve U,(w) is substituted by a polygonal 
curve. As a result the entire graph of U,(w) divides into a series 
of trapezoids. 

We shall first consider plotting the transient curve for the charac- 
teristic U,(w) in a purely trapezoidal form, and then pass to the 
general case. 


Trapezoidal frequency characteristic. A trapezoidal frequency 
characteristic is a real frequency characteristic U;(w) having the 
form of a trapezoid (Fig. 332a). The real frequency characteristics 
of actual systems do not have such shapes, but below we shall employ 
them for approximation to the real characteristics. 
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A trapezoidal frequency characteristic is defined by the following 
three quantities (Fig. 332a): the initial amplitude U,(0), the pass- 
band œp and the inclination factor 


“= —*, (75.1) 


where «,, is termed the interval of uniform transmission of fre- 
quencies, corresponding to a constant value of U; in the segment 





0<w < oj. These quantities may have the most varied values 
with the only restraint that wia < wip and, consequently, 0 <x; <1. 

Let us introduce the dimensionless quantities 

X; = t = tip (75.2) 

for the coordinates of the transient curve 2,(t), corresponding to 
the trapezoidal frequency characteristic. 

On the basis of formula (44.19) the transient function Z,(#) due 
to a unit input step is obtained (Reference 11) in the form 


Nea) g —— , (75.3) 


nis siban — 
To 





cost — cos =i) 
t 


where we introduce the usual notation for the sine integral 


The functions Z,(¢) has been previously calculated from for- 
mula (75.3) for the values x; = 0; 0-05; 0-1; ...; 0-95; 1-00. Their 
values for various values of the dimensionless time ¢ in the interval 
0 <i < 26-0 are presented in the table on pp. 750-753 (according 
to V. V. Solodovnikov). 
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Plotting the curves %,(¢) from the table for the extreme and mean 
values of x; = 0, x; = 0-5 and x =1 is shown in Fig. 332b. 

Let there now exist an arbitrary trapezoidal characteristic 
(Fig. 332a) with given values of x;, U0) and w;. The transient 
curve m(t) which corresponds to it is easily plotted using the above- 
mentioned table. We proceed as follows. 

We find in the table the value of x; closest to that which occurs in 
the given trapezoidal characteristic. For this value of x; we take 
from the table the entire column of values of 7; and ł and, according 
to (75.2), we employ the formulae 


t= U(0)%, t=, (75.4) 
Wip 
i.e. we multiply all values of Z; taken from the table by the ampli- 
tude U,(0) of the given trapezoidal frequency characteristic, and 
all values of ¢ taken from the table we divide by the magnitude of 
the passband w;, of the given trapezoidal characteristic. As a result 
we obtain a series of values of z; and a series of values of ¢ corre- 
sponding to them, after which the required transient curve a(t) 
is plotted by points. 
Approximate plotting of the transient curve due to a unit input impulse. 
Let the real frequency characteristic of the closed system U,(w) be 
given in the form of the curve of Fig. 333a. We substitute this curve 





Fic. 333 


by a polygon close to it, consisting of rectilinear segments (broken 
line in Fig. 333a) and then plot from each vertex straight lines 
parallel to the frequency axis w. 

As a result the given frequency characteristic U,(w) may be 
approximately substituted by the algebraic sum of several trape- 
zoidal frequency characteristics U,(w) with initial heights U,(0), 
with passbands w;, and inclination factors x;. In the present case 
(see Fig. 333b) we obtain four trapezoids (¢ = 1,2,3,4), where 
U,(0) > 0, U,(0) < 0, U,(0) < 0, U,(0) < 0. 









































750 The Dynamics of Automatic Control Systems 
Table of 
Ne 0:00 | 0:05 | 0-10 | 0-15 | 0-20 | 0-25 | 0-30 | 0-35 | 0:40 | 0-45 
0-0 | 0-000 | 0-000 | 0-000 | 0-000 | 0-000 | 0-000 | 0-000 | 0-000 | 0-000 | 0-000 
0-5 | 0-138 | 0-165 | 0-176 | 0-184 | 0-192 | 0-199 | 0-207 | 0-215 | 0-223 | 0-231 
1:0 | 0-310 | 0-326 | 0-340 | 0-356 | 0-371 | 0-386 | 0-401 | 0-417 | 0-432 | 0-447 
1:5 | 0-449 | 0-469 | 0-494 | 0-516 | 0-538 | 0-560 | 0-594 | 0-603 | 0-617 | 0-646 
2-0 | 0-572 | 0-597 | 0-628 | 0-655 | 0-683 | 0-709 | 0-681 | 0-761 | 0-786 | 0-810 
2-5 | 0-674 | 0-707 | 0-739 | 0-771 | 0-802 | 0-833 | 0-862 | 0-891 | 0-917 | 0-943 
3:0 | 0-755 | 0-790 | 0-828 | 0-863 | 0-896 | 0:928 | 0-958 | 0-987 | 1-013 | 1-038 
3-5 | 0-783 | 0-853 | 0-892 | 0-928 | 0-963 | 0-994 | 1-024 | 1-050 | 1-074 | 1-095 
4:0 | 0-857 | 0:896 | 0-938 | 0-974 | 1-008 | 1-039 | 1-060 | 1-090 | 1-107 | 1-124 
4:5 | 0-883 | 0-923 | 0-960 | 0-997 | 1-029 | 1-057 | 1-080 | 1-100 | 1-115 | 1-129 
5-0 | 0-896 | 0-936 | 0-978 | 1-012 | 1-042 | 1-067 | 1-087 | 1-103 | 1-112 | 1-117 
5-5 | 0-900 | 0-940 | 0-986 | 1-019 | 1-046 | 1-067 | 1-083 | 1-093 | 1-095 | 1-097 
6-0 | 0-904 | 0-942 | 0-982 | 1-013 | 1-037 | 1-054 | 1-065 | 1-070 | 1-068 | 1-062 
6-5 | 0-904 | 0-943 | 0-980 | 1-009 | 1-030 | 1-043 | 1-050 | 1-049 | 1-043 | 1-033 
7-0 | 0-904 | 0-944 | 0-979 | 1-006 | 1-024 | 1-035 | 1-037 | 1-033 | 1-023 | 1-009 
7-5 | 0-907 | 0-945 | 0-980 | 1-006 | 1-019 | 1-025 | 1-025 | 1-017 | 1-005 | 0-989 
8-0 | 0-910 | 0-951 | 0-985 | 1-008 | 1-020 | 1-024 | 1-021 | 1-012 | 0-995 | 0-981 
8-5 | 0-918 | 0-956 | 0-989 | 1-010 | 1-021 | 1-022 | 1-018 | 1-007 | 0-992 | 0-977 
9-0 | 0-924 | 0-965 | 0-997 | 1-016 | 1-025 | 1-025 | 1-018 | 1-006 | 0-992 | 0-978 
9-5 | 0-932 | 0-972 | 1-004 | 1-022 | 1-029 | 1-027 | 1-019 | 1-006 | 0-993 | 0-982 
10-0 | 0-939 | 0-978 | 1-009 | 1-025 | 1-031 | 1-027 | 1-019 | 1-006 | 0-993 | 0-987 
10-5 | 0-946 | 0-985 | 1-013 | 1-028 | 1-033 | 1-028 | 1-017 | 1-005 | 0-993 | 0-991 
11-0 | 0:947 | 0-988 | 1-015 | 1-029 | 1-031 | 1-025 | 1-014 | 1-002 | 0-993 | 0-991 
11:5 | 0-949 | 0-988 | 1-016 | 1-027 | 1-028 | 1-021 | 1-010 | 0-999 | 0-991 | 0-989 
12:0 | 0-950 | 0-988 | 1-015 | 1-025 | 1-024 | 1-015 | 1-004 | 0-994 | 0-988 | 0-987 
12:5 | 0-950 | 0-989 | 1-013 | 1-022 | 1-019 | 1-010 | 0-999 | 0-990 | 0-986 | 0-986 
13-0 | 0-950 | 0-989 | 1:012 | 1-019 | 1-015 | 1-005 | 0-994 | 0-986 | 0-985 | 0-987 























Analytic Solution and Frequency Method 


the function 2,(t) 


0-50 








0-55 








0:60 


0-000 
0-255 
0-490 
0-706 
0-878 
1-010 
1-100 
1-145 
1-168 
1-138 
1-107 
1-070 
1-021 
0-982 
0:957 
0-944 
0-941 
0-944 
0-961 
0-980 
0-993 
1-007 
1-014 
1-017 
1-019 
1-018 


1-014 








0-65 


0-000 
0-259 
0:505 
0-722 
0-899 
1-030 
1-117 
1-158 
1-159 
1-134 
1-098 
1-050 
1-003 
0-946 
0-941 
0-926 
0-935 
0-948 
0-966 
0:987 
1-006 
1-017 
1:027 
1-029 
1-026 
1-019 


1-012 





0-70 


0-000 
0-267 
0-519 
0-740 
0-919 
1-050 
1-130 
1-161 
1-160 
1:132 
1-084 
1-032 
0:984 
0:948 
0:927 
0:922 
0-932 
0-951 
0-976 
1-000 
1-020 
1:033 
1-039 
1-037 
1-027 
1-017 


1-005 




















0-000 
0-275 
0-534 
0-758 
0-938 
1-067 
1-142 
1-166 
1-161 
1-127 
1-069 
1-016 
0-956 
0-936 
0-917 
0-911 
0-936 
0-958 
0-990 
1:015 
1-036 
1-046 
1-047 
1-043 
1-025 
1-010 
0-993 


0-000 
0-282 
0-547 
0-776 
0-956 
1-084 
1-154 
1-171 
1-156 
1-111 
1-053 
0-994 
0-949 
0-920 
0-911 
0-920 
0-944 
0-974 
1-006 
1-033 
1-049 
1-054 
1-048 
1-034 
1-015 
0-895 


0-980 


0-979 


1-105 


1-175 


1-034 


0-984 
0-965 


0-964 | 0:955 


1-120 
1-176 
1:175 
1-131 
1-071 
1-001 
0-951 
0-920 
0-903 
0-915 
0-946 
0-986 
1:023 
1-053 
1-066 
1:062 
1:048 
1:021 
0-994 
0-969 
0:954 
0:950 
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Table of 








0-25 | 0-30 | 0-35 | 0-40 | 0-45 








_™ l I i 


m | 


i 
13-5 | 0-950 | 0-990 Í 1-011 | 1-017 į 1-011 | 1-000 0-990 ! 0-983 | 0-984 A 





l 

i 0-00 | 0-05 | 0-10 | 0-15 | 0-20 
| 
I 


14-0 | 0-952 | 0-989 | 1-011 | 1-016 | 1-009 | 0-997 | 0-988 | 0-983 | 0-985 | 0-991 


14:5 | 0-954 | 0-990 | 1-012 | 1-015 | 1-008 | 0-996 | 0-987 | 0-985 | 0-988 | 0-996 


15-0 | 0-956 | 0-993 | 1:012 | 1-014 | 1-007 | 0-995 | 0-988 | 0-987 | 0-991 | 1-000 











15-5 | 0-959 | 0-995 | 1-014 1-014 | 1-006 0-995 | 0-989 | 0-988 | 0-996 | 1:004 


0-961 | 0-997 | 1-015 | 1-014 | 1-006 | 0-995 | 0-991 | 0-992 | 0-998 | 1-007 
16-5 | 0-964 | 0-999 | 1-016 | 1-014 | 1-005 | 0-995 | 0-993 | 0-995 | 1-002 | 1-009 
17-0 | 0-965 | 1-001 | 1-016 | 1-013 | 1-005 | 0-995 | 0-994 | 0-997 | 1-005 | 1-010 
17-5 | 0-966 | 1-002 | 1-015 | 1-012 | 1-003 | 0-995 | 0-994 | 0-998 | 1-006 | 1-010 
18:0 | 0-966 | 1-002 | 1-015 | 1-011 | 1-002 | 0-995 | 0-995 | 1-001 | 1-008 | 1:010 


18:5 | 0-966 | 1-001 | 1-015 | 1-009 | 1-001 | 0-994 | 0-995 | 1-001 | 1-007 | 1-009 





19-0 | 0-967 | 1-000 | 1-015 | 1-008 | 0-998 | 0-992 | 0-995 | 1-001 | 1-006 | 1-006 


19-5 | 0-967 | 1-000 | 1-014 | 1-006 | 0-996 | 0-991 | 0-995 | 1-001 | 1-005 | 1-004 





20-0 | 0-967 | 1-000 | 1-013 | 1-005 | 0-995 | 0-991 | 0-995 | 1-001 | 1-005 | 1-002 


20-5 | 0-968 | 1-002 | 1-012 | 1-004 0-994 | 0-991 | 0-996 | 1-002 | 1-004 | 1-001 
21:5 | 0-969 | 1-002 | 1-011 | 1-003 | 0-995 | 0-992 | 0-999 | 1-004 | 1-004 | 1-000 


22-0 | 0-971 | 1-002 | 1-011 | 1-002 | 0-995 | 0-993 | 1-000 | 1-005 | 1-004 | 0-999 





22-5 | 0-973 | 1-002 | 1-011 | 1-002 | 0-996 | 0-995 | 1-002 | 1-006 | 1-004 | 0-999 


23-0 | 0-974 | 1:005 | 1-011 | 1-002 | 0-996 | 0-996 | 1-004 | 1-007 | 1-003 | 0-998 
23-5 | 0-975 | 1-005 | 1-010 | 1-002 | 0-996 | 0-998 | 1-004 | 1-008 | 1-003 | 0-998 
24:0 | 0-975 | 1-005 | 1-010 | 1-001 | 0-996 | 0-999 | 1-005 | 1-007 | 1-002 | 0-997 
24-5 | 0-975 | 1-005 | 1-009 | 1-000 | 0-996 | 0-999 | 1-005 | 1-006 | 1-001 | 0-997 
25-0 | 0-975 | 1-005 | 1-008 | 1-000 | 0-995 | 0-999 | 1-005 | 1-004 | 1-000 | 0-996 


25-5 | 0-975 | 1-005 | 1-008 | 0-999 | 0-995 | 0-999 | 1-004 | 1-003 | 0-998 | 0-996 











26-0 | 0-975 | 1-005 | 1-007 | 0-999 | 0-995 | 0-999 | 1-004 | 1-002 | 0-997 | 0:996 














21-0 | 0-968 | 1-002 | 1-011 003 | 0-994 | 0-992 | 0-997 | 1-003 | 1-004 | 1-001 








the function 7,/f) 
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Thus, 


Uyla)® X Ulo), (75.5) 
i= 
where n is the number of trapezoids. We proceed in the same manner 
when U,(w) is prescribed. 
Then, according to (44.19) and (75.5) we obtain 


n oo 
2 Í Ulo) ş 
a(t) ~= ; ~  Sinalde 


i=1 0 
or 


n 
a(t) Y a(t) , (75.6) 
t=1 
where the functions 2,(¢) define the transient curves for each of 
the trapezoidal characteristics individually. We already know how 
to determine these latter individually. 
Consequently, we now easily obtain the required transient curve æ (t) 
in approximate form by the addition of these curves. 
Following V. V. Solodovnikov, let us consider the example of an 
automatic system described in closed form by the equation 


(p* +a, p+ ap? + aap + a4)” = (bop? + bip + be) y(t) , 
where 
a, = 103, a,= 3065, a= 149,250, a, = 1,081,500, 
bo = 0:0035 3 bı = 0:37 3 bz = 9-5 . 
The expression for the amplitude-phase characteristic of the 
closed system will be 


ars, Dow? + biw + ba 


Wilio) = ——— m : 
vio) wt — aiw? — aw? + dgiw + a 





The real part of this expression has the form 


Ae ee (by — byw?) (wt — a20? + a4) + b10 (43H — aw?) 
et = (%1 — aw? + 4)? + (aga — a0)? ` 


This real frequency characteristic of the closed system for the 
above numerical values of the coefficients has the form of the con- 
tinuous curve in Fig. 334a. In broken line we show there the polygon 
Teplacing it. As a result we obtain three trapezoidal characteristics 
U,(w), Uo), Us(o) as shown in Fig. 334b, into which the real 
frequency characteristic of the given system U,(w) is approximately 
divided. 
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The parameters of the trapezoidal characteristics are as follows: 


U,(0) = 1-4; xı = 0-9; Op = 40; 
U,(0) = 0-6; Xg = 0-1; Wop = 12; 
U0) =—1; x = 08; wap = 54. 


From the numerical tables of pp. 750-753 we take the values 
%,(t), corresponding to the individual trapezoidal characteristics for 
xi = 0:9, x; = 0-1 and x; = 0:8. Each of the values taken from the 
table for %; and į are recalculated according to formulae (75.4), in 
which we substitute the given values U,(0), wip, U2(0), wep, Ua(0), Osp- 


(d) 


ad 





Fic. 334 


From the points obtained (t, 2;) we plot the curves æ,(t), a(t), x(t), 
shown in Fig. 3340 corresponding to the three trapezoidal charac- 
teristics U,(w), U.(w), Us(w) (Fig. 334b). 

By algebraic addition of the ordinates x; of all three curves we 
obtain the required transient curve a(t) in the system (Fig. 334d). 
For comparison we indicate there the exact transient curve, obtained 
by analytic solution of the equation. Their comparison illustrates 
the degree of precision of the given method (in the analysis of the 
quality of an automatic system such precision may be satisfactory). 

Approximate plotting of the transient curve due to a unit input 
impulse. Here, as in the preceding case, the given real frequency 
characteristic is substituted by the approximate algebraic sum of 
trapezoidal frequency characteristics (75.5) (Fig. 333). 

Then formula (44.20) may be represented in the form 


21 
ODED) Hg U,(@) cos wide , 


i=l 0 


where n is the number of trapezoids into which the frequency charac- 
teristic U,(w) or U;(w) is decomposed. 


49 


756 The Dynamics of Automatic Control Systems 


It has been proved that this expression may be transformed to 
the form : 











n 
2 W/, sina;t sinQ;t 
where we put 
1— 1 
o= top, Q= H aips Ay =Q%;U00). (75.8) 


Consequently in the present case the curve of the transient pro- 
cess x(t) is approximately defined by simple calculation of its ordinates 
according to formula (75.7) for various t and subsequent point-by- 


(b) 4T 





Fic. 335 


point plotting. To facilitate the calculations it is possible to employ 
tables of sing/p, which are available, for example, in Jahnke and 
Emde (Reference 49) on p. 49. 

For example, let there be known for the closed automatic system 
the amplitude-phase characteristic in the open state: 
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W (to) = 579-001Bia +1) (0-027ia +1)(0 0liw +1)’ 


while the amplitude-phase characteristic of the closed system is 
determined by formula (44.8) with W,(tw) = 1, i.e. 


W (to) 


W,(to) = T+Wlia) * 


The real part of this expression is the real frequency characteristic 
of the closed system U,(w) shown by the continuous curve in 
Fig. 335a. Broken line there indicates the polygon replacing it ap- 
proximately. 

The exact analytic solution of the equation of the given closed 
system with a unit impulse perturbation is 


a,(t) = —0-244¢-"% + 10-92¢-" + 35-86e—124¢cos[(27-4t)°—107-6°] , 
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which is shown in full line in Fig. 335b. We also give there in broken 
line the transient response plotted by calculation according to the 
approximate formula (75.7), i.e. with replacement of the true real 
characteristic U,(w) by the trapezoid. In the present case we have 
taken two trapezoids U,(w) and U,(w) (Fig. 335a). 

Having the transient curve 2,(t) for impulse input we may further 
employ the convolution formula (74.11) to determine the regulation 
curve for arbitrary external input to the system. 

In conclusion we note that when plotting the transient curve from 
the trapezoidal frequency characteristics the greatest errors are 
obtained in the initial portion of the curve, since according to 
Section 44 the “tail” of the real frequency characteristic of the 
closed system which is dropped mainly influences the initial portion 
of the transient response. 

In addition to the Solodovnikov frequency method described 
here there exists a similar method proposed by A. A. Voronov for 
plotting the transient curves from triangular frequency character- 
istics. 
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